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This dissertation presents the design of organic/inorganic hybrid 2D and 3D 
nanostructured arrays via controlled assembly of nanoscale building blocks.  Two 
representative nanoscale building blocks such as carbon nanotubes (one-dimension) and 
metal nanoparticles (zero-dimension) are the core materials for the study of solution-
based assembly of nanostructured arrays. The electrical, mechanical, and optical 
properties of the assembled nanostructure arrays have been investigated for future device 
applications.  We successfully demonstrated the prospective use of assembled 
nanostructure arrays for electronic and sensing applications by designing flexible carbon 
nanotube nanomembranes as mechanical sensors, highly-oriented carbon nanotubes 
arrays for thin-film transistors, and gold nanoparticle arrays for SERS chemical sensors. 
 
In first section, we fabricated highly ordered carbon nanotube (CNT) arrays by 
tilted drop-casting or dip-coating of CNT solution on silicon substrates functionalized 
with micropatterned self-assembled monolayers.  We further exploited the electronic 
performance of thin-film transistors based on highly-oriented, densely packed CNT 
micropatterns and showed that the carrier mobility is largely improved compared to 
randomly oriented CNTs.  The prospective use of Raman-active CNTs for potential 
mechanical sensors has been investigated by studying the mechano-optical properties of 
flexible carbon nanotube nanomembranes, which contain freely-suspended carbon 
nanotube array encapsulated into ultrathin (<50 nm) layer-by-layer (LbL) polymer 
multilayers.   
 xvii
 
In second section, we fabricated 3D nano-canal arrays of porous alumina 
membranes decorated with gold nanoparticles for prospective SERS sensors.  We showed 
extraordinary SERS enhancement and suggested that the high performance is associated 
with the combined effects of Raman-active hot spots of nanoparticle aggregates and the 
optical waveguide properties of nano-canals.  We demonstrated the ability of this SERS 
substrate for trace level sensing of nitroaromatic explosives by detecting down to 100 
zeptogram (~330 molecules) of DNT. 
 xviii
Chapter 1. Introduction 
1.1. Motivation 
Nanostructured materials represented by zero-dimensional structures such as 
quantum dots and metal nanoparticles and one-dimensional nanorods, nanotubes and 
nanowires have been studied intensely due to their unique mechanical, electrical, and 
optical properties arising from their nanometer size (1~100 nm at least one-dimension).  
Significant advancements have been made in developing synthetic techniques of 
nanomaterials with good control over the shape, and interesting properties of these 
nanomaterials have been discovered.  The next challenge is the fundamental 
understanding of the collective properties of nanoscale building blocks when they are 
assembled into nanostructure arrays and the utilization of these nanostructures for a wide 
range of future device applications (Figure 1.1).  For the realization of these device 
applications, the development of efficient assembly strategies of nanoscale building 
blocks into hierarchical nanostructure arrays is needed, which could be achieved by 
controlling the shape, location, and orientation of large amounts of nanoscale building 
blocks. 
 
While solution-based assembly approaches, so-called bottom-up assembly, 
provide simple, low-cost and large-area fabrication of nanostructure arrays, the top-down 
patterning via lithographic method offers arbitrary, complex device geometry and 
registration.  A rational strategy of assembling of nanoscale building blocks into higher-
order functional devices will be the assembly of building blocks on top of pre-defined 
chemical or physical templates fabricated by top-down methods.  In this templated 
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assembly approaches, the chemical or physical patterns have been used to guide the 
organization of nanoscale building blocks into complex device structures.   
 
 
Figure 1.1. Bottom-up assembly of nanoscale building blocks into nanostructure arrays 
for device applications 
 
The goal of this work is the design of hybrid 2D and 3D nanostructured arrays for 
proof-of-concept device applications via controlled bottom-up assembly of nanoscale 
building blocks onto various substrates.  This work explores several solution-based 
strategies to organize nanoscale building blocks into 2D and 3D nanostructured arrays 
onto various substrates containing chemical or physical templates.  Two representative 
nanoscale building blocks, that is, carbon nanotubes (one-dimension) and gold 
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nanoparticles (zero-dimension) will be used for the solution-based assembly of 
nanostructured arrays.  The evaluation of unique physical properties of the assembled 
nanostructures for future device applications is essential focus of this study.  For the sake 
of proof-of-concept device applications, nanostructure arrays will include 1) highly-
oriented carbon nanotubes arrays for thin-film transistors, 2) flexible carbon nanotube 
nanomembranes for mechanical sensors, and 3) gold nanoparticle arrays for surface-
enhanced Raman scattering (SERS)-based chemical sensors. 
 
This thesis is organized in the following format. A brief literature background of 
carbon nanotubes and gold nanoparticles is introduced in Chapter 1.  Chapter 2 describes 
the materials and characterization methods used in this thesis.  In Chapter 3, we introduce 
several solution-based methods to organize carbon nanotubes into well-ordered and 
patterned arrays on the silicon substrates by using chemical templates prepared by 
microcontact printing.  We also investigate the assembled CNT arrays by using Raman 
spectroscopy and prove the change in Raman shift depending on the nanostructure of 
CNT arrays.  As an extension of well-ordered CNT arrays, in Chapter 4, we report the 
formation of long-range ordered and densely-packed array of CNTs via liquid crystalline 
processing by simple tilted-drop casting of CNT solution on functionalized 
micropatterned geometries and further demonstrate that the electrical performance of 
thin-film transistors based on these densely-packed uniformly oriented CNT array is 
dramatically improved compared to random CNTs.  
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To study the CNT arrays inside the polymer membranes, in Chapter 5, we 
describe the fabrication of freely suspended polymer nanomembranes with embedded 
carbon nanotubes and the investigation of the deformational behavior of ultrathin (<100 
nm) nanomembranes subjected to elastic deflections by conducting in-situ monitoring of 
resonance Raman scattering directly in the course of full deformational cycle.  In Chapter 
6, we demonstrate that the patterned array of carbon nanotubes can be successfully 
incorporated into the freely suspended LbL membranes by using the micropatterned LbL 
surface as a template for subsequent nanotube assembly.  The capability of polymer 
sacrificial templates for the encapsulation of organized arrays inside the LbL membranes 
have been extended in Chapter 7, in which we introduce a novel patterning technique, 
termed capillary transfer lithography, for the creation of well-defined 3D polymer 
microstructures onto polyelectrolyte LbL multilayers and demonstrate successful 
encapsulation of organized arrays from both carbon nanotubes and gold nanoparticles 
within polyelectrolyte multilayers.   
 
In Chapter 8, we describe the design of metal nanostructured arrays for SERS 
substrates.  We introduce a design of nanocanal arrays of porous aluminum membranes 
decorated with gold nanoparticles immobilized into polyelectrolyte surface layers inside 
these nanocanals and demonstrate efficient SERS substrates showing giant enhancements 
factor compared to convential 2D SERS substrates.  We further extend this approach in 
Chapter 9 for the deposition of hot spots of nanoparticle aggregates for highly-efficient 
SERS substrates capable of detecting trace level explosives. 
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1.2. Carbon nanotube Basics 
1.2.1. Structure and Fundamentals 
CNTs consist of one or several curled graphene sheet (hexagonal lattice of 
carbon) with hemisphere caps that can be SWNTs (Figure 1.2b-e) or MWNTs (Figure 
1.2f), respectively.1 A SWNT can be considered as graphene sheet rolled up into hollow 
cylinder (Figure 1.2a). The ends of the CNTs consist of fullerene-like caps or 
a b c d
e f
g
Figure 1.2. (a) Schematic of SWNT that can be formed by rolling up the grapheme sheet
into hollow cylinder. Schematic of (b) armchair, (c) zigzag, and (d) chiral SWNTs. (e) 
Scanning tunneling microscope image of chiral SWNT. (f) Transmission electron
microscope (TEM) image of a MWNT. (g) TEM image showing lateral packing of
SWNTs in a bundle. (From ref. 4) 
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hemispheres. As shown in Figure 1.3, their individual structures of nanotube can be 
characterized by chiral vector Ch = na1 + ma2 = (n, m) which determine their diameter and 
chirality, where n and m are integers and a1 and a2 are unit vectors of the hexagonal 
lattice.2  The diameter of carbon nanotube dt can be determined by using the relationship 
dt = √3ac−c(n2 + nm +m2)1/2/π = Ch/π, where Ch is the length of chiral vector Ch and ac−c is 
the C−C bond length (1.42 Å). 
 
 
Figure 1.3. Schematic diagrams of chiral vector on graphene sheet (hexagonal lattice of 
carbon). The chiral vector Ch = na1 + ma2 is defined by two integers (n, m) that relate Ch 
to the two unit vectors a1 and a2. The direction of nanotube axis is perpendicular to the 
chiral vector. The achiral cases, zigzag (n or m = 0) and armchair (n = m) are indicated 
with dashed lines. 
 
When we roll up the shaded area of graphene sheet along the chiral vector Ch in 
Figure 1.3, we get a SWNT specified by the integers (n, m). Different pairs of integers (n, 
m) define three different types of SWNTs; armchair (n = m, Figure 1.2b), zigzag (n = 0 or 
m = 0, Figure 1.2c), and chiral (n ≠ m, Figure 1.21d) nanotubes. The chiral angle θ is 
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defined by the angle between the chiral vector Ch and the “zigzag” direction. The zigzag 
and armchair nanotubes, respectively, correspond to chiral angles of θ = 0 and 30°, and 
chiral nanotubes correspond to 0 < θ < 30°. Differences in the nanotube diameter and 
chiral angle (chirality) give rise to differences in the properties of the various carbon 
nanotubes. 
 
The as-prepared SWNTs are in the form of many micrometers long bundles or 
ropes consisting of individual nanotubes in a close-packed triangular lattice (Figure 1.2g). 
The diameter of individual nanotubes is in the range of 1−2 nm and the number within a 
rope varies from tens to several hundreds. As a result of substantial van der Waals 
attractions between tubes, 3  long SWNTs aggregate easily and are difficult to be 
suspended in solvents. Therefore, two of vital steps in the realization of promising 
applications of carbon nanotubes are to gain reliable control over their surface chemistry 
and to achieve monodispersity in nanotube length, diameter, and chirality. 
 
1.2.2. Selected Properties 
Carbon nanotubes have a broad range of electronic, thermal, and structural 
properties that change depending on different kinds of nanotubes (defined by its diameter, 
length, and chirality). One of the most intriguing properties of carbon nanotubes is that 
the electronic structure of carbon nanotube can be either metallic or semiconducting 
depending on its chirality and diameter. Also, carbon nanotubes have attracted the 
attention worldwide because of their excellent mechanical properties. Several important 
properties of carbon nanotubes are stated below. 
 7
 
1.2.2.1. Electrical Properties 
Carbon nanotubes, specified by chiral vector Ch = na1 + ma2 = (n, m), can be 
metallic or semiconducting depending on their chirality. All armchair (n = m) tubes are 
metals; tubes with n − m = 3k, where k is a nonzero integer, are semiconductors with very 
tiny band gap, but practically considered as metals; and all others (n − m ≠ 3k) are 
semiconductors with large band gap. Therefore, when tubes are formed with random 
values integers (n, m), we would expect that two-thirds of nanotubes would be semi-
conducting, while the other third would be metallic. However, these metallic and 
semiconducting nanotubes are typically grown together as bundles. For the utilization of 
carbon nanotubes in various applications, it is necessary to separate these two kinds of 
carbon nanotubes. Recently, several promising attempts have been reported to separate 
metallic and semiconducting carbon nanotubes by using electric fields or chemical 
functinalization.4,5
 
The unique electrical properties of carbon nanotubes arise from the nearly one-
dimensional electronic structure caused by the confinement of electrons around the 
circumference of the nanotubes. Metallic nanotubes conduct electrons ballistically 
(without scattering) over long nanotube lengths, enabling them to carry high current 
densities with essentially no heating.6 MWNTs show similar electronic properties to 
those of metallic SWNTs if the outer graphene layer is metallic.7 As mentioned above, 
one-third of the graphene layers of MWNT would be conducting. 
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1.2.2.2. Mechanical Properties 
The extremely high Young’s modulus, stiffness and resilience of carbon 
nanotubes have led to their use in the development of high strength, lightweight material 
applications. Carbon nanotubes can be expected to have extremely high modulus similar 
to that of in-plane graphite, which is the largest of any known bulk material.8 Young’s 
modulus of SWNTs bundle is ~1 TPa; the tensile strength is ~30 GPa.; the strain values 
at breaking is up to 5 %.9 In view of their applications in lightweight structural materials, 
it is impressive that the density-normalized strength and modulus of SWNTs are, 
respectively, ~56 and ~19 times that of steel wire. While the Young’s modulus of 
MWNT was reported as 1.3 TPa,10 the actual strength in practical situations would be 
further affected by the sliding of individual graphene cylinders with respect to each other. 
 
 
Figure 1.4. (a) AFM 3-D image of a SWNT bundle that adheres to a membrane, with a 
portion free-standing over a hole. (b) Schematic representation of the measurement 
technique. The AFM tip is used to apply a load F and the displacement δ is measured. 
(From ref. 11) 
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However, the precise determination of their mechanical properties remains a 
challenge due to the technical difficulties involved in the manipulation of testing tools 
with nano-scale. As can be seen in Figure 1.4, one way of testing the Young’s modulus of 
nanotubes is to use the AFM tip to bend carbon nanotubes (anchored on substrate or free-
standing across a hole) while simultaneously recording the force exerted by the tube as a 
function of the displacement from its equilibrium position.11
 
A variety of experimental evidence confirms that carbon nanotubes can sustain 
significant elastic deformations. 12,13  Carbon nanotubes can be bent into small circles or 
into sharp loops without breaking. Carbon nanotubes have the ability to significantly 
change their shape, accommodating to external forces without irreversible atomic 
rearrangements. They develop buckles in compression and bending, and still can 
reversibly restore their original shape. Under severe bending, buckling is the usual way 
for the nanotubes to reduce strain. This kind of elastic buckling makes the carbon 
nanotubes exceedingly tough materials. 
 
1.2.2.3. Optical Properties 
The carbon nanotubes show strong dependence of optical absorption on the 
nanotube geometry (diameter and chirality) and polarization direction.14  Recently, it was 
reported that individual semiconducting SWNTs show band gap fluorescence, which 
could prove useful in biomedical and nanoelectronics applications.15  However, bundles 
of nanotubes broadened the adsorption spectra due to the interaction with metallic 
nanotubes.  Carbon nanotubes were experimentally proved to be a third order nonlinear 
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optical (NLO) material with enough third order NLO susceptiblities for photonic 
applications.16  
 
The strong coupling between electrons and phonons in 1-D carbon nanotube 
system gives rise to highly unusual resonance Raman spectra.  Therefore, the main 
experimental technique for studying phonons in carbon nanotubes has been Raman 
spectroscopy.17,18  Carbon nanotubes show many unique and unusual features of Raman 
spectra such as radial breathing mode, tangential stretch mode, and disorder-induced D-
band.  These main features of Raman spectra has been successfully used to determine the 
chiral vector (n,m) and, therefore, diameter distributions and metallic/semiconducting 
characters of carbon nanotubes. 
 
Raman spectroscopy has played an important role in the characterization of 
carbon nanotubes, both in terms of the diameter distribution in SWNT bundles and 
whether a SWNT is metallic or semiconducting.18 When the incident or scattered photons 
in the Raman process are in resonance with an electronic transition between the valence 
and conduction bands at special energy states, Eij, the Raman signal becomes very large 
as a result of the strong coupling between the electrons and photons of the nanotube 
under these resonance conditions. Therefore, the resonance process is highly selective of 
particular SWNTs, since each SWNT, characterized by two integers (n, m), has a unique 
set of such electronic transitions energies, Eij. 
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Figure 1.5. Raman spectra from a metallic and semiconducting SWNT using 785 nm 
laser excitation, showing the RBM, D band, G band, and G′ band features. Left and right 
images show atomic displacements associated with the RBM and G band vibrations. The 
spectra marked with an asterisk (*) are from the silicon substrate. (From ref. 103) 
 
As was shown in Figure 1.5, the four most important features in Raman spectra 
of carbon nanotubes are the radial breathing mode (RBM) in the 150−200 cm−1 range, the 
disorder-induced D band in the 1250−1450 cm−1 range, the tangential G band in the 
1500−1600 cm−1 range, and the G′ band in the 2500−2900 cm−1 range.19 The frequency 
of RBM is strongly related to the nanotube diameter, in which all the carbon atoms 
vibrating in the radial direction. The G band feature is used to elucidate the differences 
between the metallic and semiconducting nanotubes where neighboring carbon atoms are 
vibrating in the opposite directions along the nanotube surface as in 2-D graphite. The D 
band is typically attributed to the presence of amorphous carbon in bulk nanotube 
samples or an inherent feature of SWNTs and may be related to symmetry lowering 
effects such as defects, bending of the nanotubes, and finite-size effects. The ratio of 
relative intensities of D band to G band is the measure of the degree of structural order. 
The G′ band is the second-order harmonic spectra of D band and exhibits a large 
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dispersion either when the laser energy is changed or when compressive and tensile 
strains are applied. 
 
1.2.3. Purification and Solubilization 
1.2.3.1. Purification 
The as-prepared carbon nanotubes contain large amounts of impurities (typically 
30 % or more), such as metal catalyst particles, amorphous carbon, and fullerenes, which 
need to be removed for the purpose of many potential applications of carbon nanotubes. 
These impurities are closely entangled with long ropes of carbon nanotubes, via 
physically or occasionally even via chemical bonds. The metal catalyst impurities are 
usually covered by amorphous carbon and attached to the ends of nanotube ropes. 
 
A number of purification methods have been reported to date such as oxidation 
in gas or acid, filtration, chromatography, centrifugation and mixture of these methods. A 
major advantage of filtration and centrifugation methods is that the structures of carbon 
nanotubes are undamaged.20,21,22  Also, the chromatography method produces highly pure 
and undamaged carbon nanotubes.23 However, since the carbon nanotubes are insoluble 
in any solvent, it is difficult to directly apply the physical purification methods such as 
filtration and centrifugation. It is possible to disperse carbon nanotubes in aqueous 
surfactant solution with the aid of sonication. During the sonication, carbon nanotubes are 
encapsulated by the surfactant micelles and can be suspended in water. Subsequent 
centrifugation removes a large fraction of high-density undispersed amorphous carbon 
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Figure 1.6. Typical defects in a SWNT: a) pentagon or heptagon defects in the sidewall 
leads to a bend in the nanotube, b) sp3-hybridized defects (R = H or OH), c) the sidewall 
damaged by oxidative conditions, which is terminated with carboxylic groups (-COOH), 
d) open end of SWNT terminated with –COOH groups by oxidative conditions. Besides 
carboxylic groups, other terminal groups such as carbonyl (−C=O) and hydroxyl (−OH) 
groups are possible. (From ref. 69) 
 
Many researchers use the oxidative treatments of carbon nanotubes in acids to 
oxidize and decompose impurities such as amorphous carbon and metal particles.24,25,26,27 
For example, refluxing the nanotubes in dilute nitric acid (3M) was found efficient for 
removing amorphous carbon and metal catalysts.24 Oxidation methods of purification use 
the unexpected resistance of nanotube structures towards oxidation. During the oxidative 
treatments, the impurities are more prone to oxidative attack compared with the surfaces 
of nanotubes. Also, with the oxidation of impurties, the oxidation of nanotubes 
preferentially takes place at the the ends of naotubes, where the pentagon defects are 
located, and some defects on the sidewall.  Figure 1.6 shows the typical defects in a 
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SWNT which are intrinsic or induced by oxidation.28  However, there is a large loss of 
carbon nanotube material during oxidation, which means that some nanotubes are 
destroyed. Durjardin et al. have proposed that the outer SWNTs of a bundle are 




The chemical modification and solubilization of carbon nanotubes represent a 
vital research field in the development of carbon nanotube-based materials and systems. 
The soluble carbon nanotubes offer excellent opportunities not only in the study of 
fundamental properties of carbon nanotubes but also in the utilization of carbon 
nanotubes in various applications. However, SWNTs typically exist as ropes or bundles 
with several micrometers long and 10−25 nm in diameter; the strong van der Waals 
interactions and poor wettability of SWNTs make it hard to break the SWNT bundles;29 
the SWNT bundles are entangled together in the form of a highly dense, complex 
network structure. These factors, coupled with the fact that graphitic cylinders do not 
have any surface functional groups, make them very difficult to disperse in organic 
solvents. 
 
As previously mentioned, the chemical oxidation of carbon nanotubes has been 
used as a purification method to decompose impurities. In addition, the oxidation of 
carbon nanotubes with concentrated HNO3 and H2SO4 mixed with HNO3 or H2O2 have 
been widely used to generate oxygen-containing functional groups on the ends and walls 
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of carbon nanotubes, thus improving their solubility.24,25 As a result of the chemical 
oxidation, the ends and sidewalls of the carbon nanotubes are covered with oxygenated 
groups such as carboxylic (−COOH), carbonyl (−C=O), and hydroxyl (−OH) groups.30,31 
During the oxidation process, the oxidizing agents can wet and intercalate into the SWNT 
bundles, which make the SWNT bundles to break and more soluble in organic solvents. 
This way, relatively stable aqueous suspension of nanotubes can be prepared with24 or 
without32 the help of surfactants. 
 
However, the chemical oxidation treatments introduce defects on the nanotube 
surfaces that may affect the various intrinsic properties of carbon nanotubes. For example, 
the intercalation of the nanotube lattice by oxidizing agents such as nitric acid molecules 
can lead to changes in the Raman spectra of SWNTs by doping.33 The doping of SWNTs 
by nitric acid also causes the changes in interband electronic transitions in the far- and 
near-IR spectra.34 Furthermore, the defects could cause a significant destruction of carbon 
nantoubes in the process of oxidation and produce carbonaceous impurities.35 On the 
other hand, the introduced defect sites on the nanotube sidewall can be used to shorten 
the micrometers long carbon nanotubes.24 
 
The acid-oxidized SWNTs can be dispersed only in several amide-type organic 
solvents and water with the help of sonication. Tuning the solubilization of carbon 
nanotubes in various organic solvents will require the attachment of relatively large 
functional groups to the nanotubes. A variety of oligomeric and polymeric compounds 
have been used in the functionalization of carbon nanotubes for their solubility in 
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different organic solvents and water.  Because of its simplicity and efficiency, surfactants 
such as sodium dodecylsulfate (SDS) or benzylalkonium chloride are frequently used for 
the dispersion of carbon nanotubes. 
 
1.2.4. Assembly of Carbon Nanotubes 
Since the discovery of multi-walled carbon nanotubes (MWNTs) in 1991 and 
single-walled carbon nanotubes (SWNTs) in 1993,36, ,37 38 carbon nanotubes (CNTs) have 
been studied intensely due to their unique structural, mechanical, electrical, and optical 
properties. Besides their extremely small nanometer size with quasi one-dimensional 
geometrical dimensions, CNTs exhibit remarkable electrical conductivity, chemical and 
thermal stability, unusual high tensile strength and elasticity. 39  Numerous potential 
applications of CNT-based devices have been proposed including field-effect transistor,40 
field emitter,41 probe tips,42,43 chemical sensors,44,45 and electromechanical sensor.46 
However, in order to utilize CNTs in nanodevices, it is necessary to develop efficient 
strategies for their assembling into hierarchical nanostructures, which could be achieved 
by controlling the shape, location, and orientation of a large amount of nanotube arrays. 
 
Self-organization of CNTs into highly ordered arrays has been approached by 
direct-growth assembly or post-growth assembly methods.  Significant progress in 
growing vertically aligned nanotube assemblies on patterned substrates has been made 
recently with pre-catalyst patterning and chemical vapor deposition (CVD).47,48,49  Direct-
growth assembly by CVD has the advantage of achieving highly ordered and densely 
packed nanostructures.  However, the requirements of high temperature (typically >800 
 17
°C) and reactive environment have prevented its application from devices with limited 
thermal and/or chemical stability such as polymer-involved systems.  Post-growth 
assembly of CNTs in a vertical direction has been demonstrated by the deposition of 
CNTs from suspension onto chemically modified surfaces.50  On the other hand, several 
in-plane orientation methods have been reported, such as catalytic growth,51,52 alignment 
in electric and magnetic fields, 53 , 54 , 55  and self-assembling on chemically modified 
surfaces.56,57,58,59,60  Among all these approaches, bottom-up assembly based on solution 
processes has recently received great attention because of the associated mild conditions 
and the ability to produce well-defined nanostructures.  
 
The applications of CNTs into various nanoelectronic devices require not only 
uniform orientation of CNTs but also organization of the CNT assembly into complex 
structures or device architectures.  Therefore, CNT assembly on patterned substrate will 
be a critical step into the realization of CNT-based nanodevices. Microcontact printing is 
an efficient method for patterning self-assembled monolayers with different chemical 
functionalities on a variety of substrates. With the precise control over the chemical 
functionalities, patterned substrates can be used for selective attachment of CNT 
assembly.57  Also, micropatterning has been successfully used as microfluidic channels to 
guide the assembly of nanowires into parallel arrays or cross-bar junctions.61  However, 
CNT assembly on patterned substrate is still in an early stage of development.  
 
Soft lithography, which uses PDMS elastomer as a stamp or a mold, has been an 
efficient technique to prepare chemical or physical micropatterned templates on various 
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solid surfaces including silicon, glass, and metal substrates.  For example, microcontact 
printing was used for the patterning of self-assembled monolayers (SAMs) of thiols on 
metal surfaces and siloxanes on hydroxyl-terminated substrates.  For physical templates, 
nanoscale patterns of 2D polymer has been prepared by microcontact printing and used as 
a scaffold for the deposition of gold nanoparticles.62  Moreover, well-defined 3D polymer 
microstructures have been fabricated by using various molding methods including 
imprint lithography, 63 , 64  microtransfer molding, 65  micromolding in capillaries, 66 , 67  
solvent-assisted micromolding,68 and capillary force lithography.69  In these processes, an 
elastomeric master is usually pressed into a compliant polymer film which has been 
softened by heat or solvent, enabling the polymer to fill the recessed areas of the master 
by capillary forces.  In most cases, additional dry etching process is needed to remove a 
residual film of the polymer remainings in the compressed areas.  
 
There are a number of issues that remain to be addressed before these techniques 
can be used in the organization of CNT assembly. First of all, the precise chemical 
functionalities of patterned substrates by microcontact printing still need to be better 
controlled and systematically studied. Second, the exact control over the integration 
density of CNT assembly and the development of appropriate organization techniques 
need to be accomplished. For example, highly packed CNT assembly which will be 
needed in dense array of sensor is difficult to achieve for typical dip-coating techniques. 
Third, the control over the microfluidic behavior on the patterned substrate needs to be 
achieved. Even though the behavior of CNT solution on patterned substrate will have 
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enormous effects on the alignments of CNT assembly, there is little knowledge about the 
microfluidic behavior on patterned substrates. 
 
1.2.5. The Prospective Applications of CNTs  
Since the electronic properties of carbon nanotubes are strong function of 
mechanical deformation or chemical doping, such changes can be easily detected by 
electron current signals and these properties make CNTs strong candidates for sensor 
arrays sensitive to their chemical and mechanical environments. Recent experimental and 
theoretical works have proved that the semiconducting SWNTs show a significant 
conductance change in response to physisorption of certain gas molecules,70 , , ,71 72 73  
demonstrating their ability to act as extremely sensitive chemical sensors. Dai and 
coworkers were the first to use nanotube field-effect transistor as sensitive chemical 
sensors at ambient temperature.70 They found the conductivity of the SWNT changed 
rapidly upon exposure to nitrogen dioxide (NO2) and ammonia (NH3). The principles for 
carbon nanotube chemical sensors to detect gases or molecules are based on the changes 
in electronic properties induced by charge transfer with the molecules due to physical 
adsorptions. The electron-donor or electron-acceptor gas molecules adsorbed on the 
surface of nanotubes can either donate or remove electrons from carbon nanotubes, 
resulting in changes of their electrical conductivity.  Exposure of the p-type transistor to 
electron-donating NH3 results in hole depletion in the nanotube and consequently reduced 
electrical conductivity. However, exposure to electron-withdrawing NO2 causes 
accumulation of hole carriers in the nanotube and enhanced electrical conductivity. 
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Carbon nanotube gas sensors offer several potential advantages over traditional 
sensor materials with respect to sensitivity, operation at room temperature, and small 
sizes for device miniaturization and massive sensor arrays. For conventional sensors, 
semiconducting metal oxides have been used for NO2 and NH3 detection, but they 
operate at high temperatures (200° to 600°) to attain high sensitivity74  and organic 
materials-based sensors have undesirably high electrical resistivity.75 Also, the adsorption 
of gas molecules arises only on the limited surface region of the macroscopic sensors, 
making them undesirable for highly sensitive gas sensors. However, for carbon nanotube 
sensors, the adsorption of gas molecules to the surface of a nanotube can lead to depletion 
or accumulation of carriers in the “bulk” of the one-dimensional nanostructure and 
increase sensitivity to the point of molecular-scale detection even at room temperature. In 
addition, the extremely high surface-to-volume ratio of a nanotube is ideal for efficient 
gas molecules adsorption. Also, the small size of nanotube building blocks and recent 
advances in assembly suggest that dense arrays of sensors could be prepared. 
 
Recently, it was reported that the mechanical deformation of CNTs strongly 
affects their electronic properties.76,77  It has been demonstrated that the mechanical strain 
can open a band gap in a metallic CNT and modify the band gap in a semiconducting 
CNT.76 Theoretically, the full range of electronic bandgap changes of carbon nanotubes 
have been computed as functions of axial compression, tensile stretch, torsion, and 
bending strain.78 These examples of strong dependence of CNT band structure on the 
mechanical deformation demonstrate a possibility of developing carbon nanotubes as 
mechanical sensors. For example, a 30 µm thick film of randomly oriented carbon 
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nanotubes have been demonstrated as macroscale strain sensors, in which the measured 
voltage changes are proportional to the applied strain.79 Changes of optical properties 
along with mechanical deformation of carbon nanotubes also make them useful as strain 
sensors. For example, Raman spectra are known to give shifted peaks when CNTs 
undergo stress or strain.80,81 This phenomenon has been used to detect phase transitions 
and to measure stress fields in polymers with embedded nanotubes.82, ,  83 84
 
1.2.5.1. Flexible carbon nanotube nanomembranes  
The development of assembly processes for hierarchical organization of carbon 
nanotubes encapsulated into flexible polymer nanomembranes are very important 
prerequisites for their potential applications in a variety of sensor devices.  One of 
potential sensing applications of carbon nanotubes is the strain sensor arrays, in which the 
mechanical deformation of carbon nanotubes affects their electrical or optical properties.  
Recently, it was reported that the mechanical deformation of CNTs strongly affects their 
electronic properties.85,86  A thin film of randomly oriented carbon nanotubes have been 
demonstrated as macroscale strain sensors, in which the measured voltage changes are 
proportional to the applied strain.87  On the other hand, changes of optical properties 
along with mechanical deformation of carbon nanotubes also make them useful as strain 
sensors.  For example, Raman spectra are known to give shifted peaks when CNTs 
undergo stress or strain.88,89  This phenomenon has been used to detect phase transitions 
and to measure stress fields in polymers with embedded nanotubes.90,  91
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Layer-by-layer (LbL) assembly is a technique based on electrostatic self-assembly 
of oppositely charged species to form ultrathin polymer films.  This technique is 
applicable mainly to water-soluble charged materials, including polyelectrolytes, 
biopolymers, colloidal particles and other inorganic materials.  This assembly technique 
can be used to create highly tuned, functional thin films with precise control of film 
composition and structure.  Furthermore, it has been demonstrated that multilayer thin 
films can exist in a variety of novel and unique geometries and forms using patterning 
techniques, which make these systems even more applicable to the creation of 
hierarchical nanoassemblies.92  Polyelectrolyte multilayers formed using this technique 
may contain a number of different functional groups, including electro-optic, 
electroluminescent, conducting, and dielectric layers.  These functionalities allow 
interpreting optical, electrochemical, and conductive signals in response to different 
chemical or physical stimuli, making them excellent components for sensors and 
responsive membranes. 
 
A major advantage of LBL assembly for fabricating membranes is the creation of 
robust, ultrathin multilayer films with high flexibility. These properties make them 
excellent candidates as nanoscale pressure sensor devices, which may not be realized 
with present microscale silicon membrane techniques. 93   For example, ultrathin 
deformable nanocomposite membranes composed of polyelectrolytes embedded with 
gold nanoparticles have shown extremely sensitive deflections to small pressure 
changes.94   With its excellent mechanical strength and flexibility, carbon nanotubes 
represent most promising candidates for membrane sensor applications.  In addition, 
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intrinsic semiconducting or metallic properties of carbon nanotubes will make it possible 
to detect electrical signals from external forces, leading to highly sensitive sensor devices 
compatible with integrated circuit techniques. Furthermore, bandgap engineering of 
carbon nanotubes with strain76,77 suggests a possibility of fabricating CNT membranes 
with tunable metallic to semiconducting properties depending on the extent of 
deformation. LBL assembly of CNT/polyelectrolyte membranes can be an efficient 
method of fabricating extremely robust and flexible electronics, which composition and 
structure is finely tunable to the nanoscale.  
 
In relation to chemical sensing applications, multilayer thin films can be used to 
protect active sensing parts, thus preventing interference from molecules which otherwise 
might make differentiation from the target molecule difficult. For example, significantly 
depressed permeabilities have been reported for O2 and N2 for poly(allyl 
amine)/poly(styrene sulfonate) (PAH/PSS) polyelectrolyte multilayers, whereas H2 
permeates readily through these films.95 These semi-permeable properties of multilayer 
films can be applied to the carbon nanotube sensor devices capable of detecting 
molecules such as NO2, NH3, and O2. By simply coating with proper polyelectrolyte 
multilayers for the target molecules, carbon nanotube sensor devices with high selectivity 
even in the mixture of different molecules could be created. 
 
1.2.5.2. Carbon nanotube thin-film transistors 
Carbon nanotubes (CNTs) have been studied intensely for a variety of 
applications due to their excellent structural, mechanical, electrical, and optical properties. 
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Besides their extremely small nanometer size with quasi one-dimensional geometrical 
dimensions, CNTs exhibit remarkable electrical conductivity, chemical and thermal 
stability, unusual high tensile strength and elasticity.96  Numerous potential applications 
of CNT-based devices have been proposed including field-effect transistor, 97  field 
emitter,98 and sensor devices.99,100  Semiconducting CNTs have been known to exhibit p-
type transistor characteristics with several orders of magnitude change in conductance 
under various gate voltages.101  In particular, carbon nanotubes in thin-film transistor 
geometry will be desirable for realistic device applications because of limited current-
carrying capacity of individual SWNTs and difficulties in controlling the electronic 
properties and spatial positions of each nanotube in FETs.  Carbon nanotube thin-film 
transistors (CNT-TFTs) exhibit carrier mobilities (> 10 cm2/Vs) more than an order of 
magnitude larger than the mobilities of organic semiconductors (typically < 1 cm2/Vs).102  
In addition, both n- and p-type CNT transistors of comparable mobility can be 
produced103 and molecular absorbates can be used to continuously tune the transistor 
threshold voltage.104  
 
The two most important performance parameters of TFTs in device applications 
are carrier mobility and on/off ratio.  The carrier mobility describes how easily charge 
carriers can move within the active layer and is, therefore, directly related to the 
switching speed of the device.  The on/off ratio, defined as the ratio of the current in the 
‘on’ and ‘off’ states, is indicative of the switching performance of TFTs.  A low off 
current is desired to eliminate leakage while in the inactive state. The mobility of CNT-
TFTs may be improved by increasing of the tube density or controlling the alignment of 
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CNTs.  However, the efficient methods of controlling surface density and alignment of 
carbon nanotubes are not yet achieved.  Another significant issue is achieving a low off-
state current, which is hampered by the mixture state of metallic and semiconducting 
nanotubes.  The on/off ratio may be enhanced dramatically by decreasing metallic tube 
contents with electrical breakdown procedures.103  Also, several methods for separating 
semiconducting and metallic nanotubes have been suggested using chemical 
reactions.105,106  
 
1.3. Gold nanoparticles 
1.3.1. Optical Properties 
The various colors on the glass windows found in the cathedrals are attributed to 
the presence of gold nanoparticles inside the glass.  In addition, the color of the glass can 
be tuned by changing the shapes or sizes of the gold nanoparticles.  These brilliant colors 
of gold nanoparticles are due to the surface plasmons, which are caused by the collective 
oscillations of free electrons on the surface of nanoparticles interacting with 




Figure 1.7. Schematic of plasmon oscillation for a sphere, showing the displacement of 
the conduction electron charge cloud relative to the nuclei. (From ref. 107) 
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Gold nanoparticles are known to have very unique size dependent optical 
properties due to the surface plasmon resonance.  The frequency of surface plasmon 
resonance depends not only on the size, shape, and dielectric constant of the individual 
gold itself but also on the dielectric constant of surrounding medium and interparticle 
interations of plasmon coupling.107,109  For example, Figure 1.8 shows the variations of 
surface plasmon resonances depending on the size, aspect ratio, and interparticle gaps.  
As the size of gold nanoparticle increases from 9 nm to 99 nm, the surface plasmon 
resonances red shift by 47 nm from 525 nm (Figure 1.8a).  The change in aspect ratio of 
nanoparticles has more pronounced effects on the surface plasmon resonances, in which 
the change of aspect ratio from 1.94 to 3.08 results in red shift by 92 nm (Figure 1.8b).  
The interparticle gaps also affect to the surface plasmon resonance shift.  When the two 
nanoparticles get closer to each other, the surface plasmon resonance red shifts and 





Figure 1.8. Experimental optical absorption spectra for (a) Au spheres, (b) Au nanorods, 
and (c) multilayer films of glass-coated Au spheres with varying interparticle distance. 
(From ref. 109) 
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In particular, the unique localized surface plasmons of gold nanoparitcles in the 
visible regime have directed many efforts to the study of surface-enhanced Raman 
scattering (SERS) for chemical sensing applications.110  The main mechanism of SERS 
effects is considered to be due to the electromagnetic enhancement, which occurs when 
the incident light is in resonance with the surface plasmons of metal nanostructures.  
Therefore, tuning the surface plasmons from well-controlled metal nanoparticle arrays is 
crucial to the SERS-based chemical sensors. The other minor mechanism of SERS effects 
is the chemical enhancement, which is caused by the charge transfer complex between 
the adsorbed analyte and the metal.  This charge transfer complex increases the 
probability of Raman transition by resonant excitation. 
 
1.3.2. Assembly of Gold Nanoparticles  
There have been intense researches of bottom-up assembly of metal nanoparticles 
into one- (1D), two- (2D) and three-dimensional (3D) nanostructure arrays by using 
methods such as simple drop-casting on appropriate surfaces or Langmuir-Blodgett 
techniques.   Metal nanoparticles are usually capped or stabilized with ligand such as 
citrate or thiol molecules.  The solution-based assembly of nanoparticles could create a 
variety of nanostructure arrays depending on the various parameters such as the types of 
capping ligands, ionic strength, interactions between the solvent and substrate, and 
deposition conditions.  While many fundamental principles of assembling nanoparticles 
onto several planar surfaces have been understood, there remain many challenges for the 
device applications such as patterning of nanostructure arrays onto various substrates 
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including polymer surfaces, controlled inter-nanoparticle separations, and 
functionalization with different kinds of receptor molecules for sensing applications.   
 
The intense research works of SERS promises highly sensitive sensors, but the 
outstanding challenge for the practical use of SERS-based sensor is the lack of robust and 
facile fabrication strategies for SERS substrates with huge Raman enhancement.  Even 
though traditional SERS substrates such as electrochemically roughened metallic surfaces, 
colloidal metal nanoparticles, and metal island films can provide modest SERS 
enhancement,111,112 the highly-ordered SERS substrates with reproducible, stable, and 
highly Raman-active geometries are needed for routine measurement of trace-level 
analytes by SERS-based sensors.  With the help of modern nanotechnology to control 
nanoscale features and materials, much progress has been made on the reproducible 
production of highly ordered metallic nanostructures.  Especially, the SERS on highly 
ordered metallic nanostructures is gaining more attention due to the extremely large 
SERS enhancement assisted by long-range optical effects.   
 
Most of the previous studies of SERS-based chemical sensors involved the SERS 
substrates with randomly aggregated metal nanoparticles or roughened metal surfaces, 
which showed inconsistent data due to poor control of aggregates or surface structures.110 
Recently, in order to fabricate reliable and highly SERS active substrates, several 
approaches of fabricating regular arrays of metal nanostructures have been demonstrated 
by using lithography techniques.113  However, the precise control of the sub-10 nm gaps 
between the metal nanoparticles remains a big challenge.  It has been known that the 
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small gaps (below 10 nm) between two metal nanoparticles or sharp metallic 
nanostructures generates “hot spots” (Figure 1.9), which are the result of very localized 
plasmon modes created by the strong electromagnetic coupling between two metal 
nanoparticles and these hot spots can enhance the Raman signal of a molecule up to 12 
orders of magnitude.114,115  In order to detect trace amount of chemicals, we need to 
maximize the Raman enhancement by optimizing the nanoparticle arrays.  The precise 
control and tuning of the inter-particle gaps of the metal nanoparticle arrays will result in 
different conditions of collective plasmon coupling, which can in turn affect the SERS 




Figure 1.9. Theoretical simulations of the electromagnetic field enhancement around 
silver nanoparticles of (a) a triangular nanoparticle (700 nm), (b) a dimer of spherical 
nanoparticles (520 nm). (From ref. 115) 
 
 
1.3.3. Applications of Surface-Enhanced Raman Spectroscopy  
Since the demonstration of single molecule detection by SERS, there has been a 
tremendous interests in utilizing SERS in various sensing applications such as 
explosives,116,117 chemical and biological warfare agents,118 internal mechanical stresses 
119 , ,120 121  and toxic environmental pollutants.122   The SERS-based sensors has been 
demonstrated to detect trace molecules due to their huge Raman enhancement up to 1014, 
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which is caused by electromagnetic enhancement of 1012 combined with chemical 
enhancement of 102.123  In addition to this high sensitivity, the high speed testing, finger-
print spectral signatures of analytes, no need for sample preparation, and the availability 
of portable systems for field analysis make SERS as strong candidate for sensing 
applications. 
 
In all cases for SERS-active structures, the overall enhancement of optical 
response is based on few selected Raman bands.  This has made SERS detection 
extremely ambiguous even for the analysis of simple mixtures.  In order to exploit the 
SERS effect for trace detection in complicated mixture, much effort has been devoted 
toward the development of selective polymer coatings over metal nanostructurtes.  The 
results indicate the polymer coatings not only increase sensitivity and selectivity of target 
molecules but also enhance chemical and mechanical stability of metal nanostructures.  
For example, the uptake and release of the target analytes through the molecularly 
imprinted polymer layers have been monitored by SERS.124  Thiol-functionalized crown 
ether was anchored to silver electrode to selectively adsorb metal cations and detect 
SERS signal.125  Cellulose acetate and Nafion (Perfluorosulfonate) coatings on roughened 
silver electrodes were employed not only to protect silver electrodes from protein 
adsorption but also to improve dopamine detection.126  For SERS applications, the use of 
ultrathin polymer coating will be advantageous over the response time and also the 
sensitivity because most of the adsorbed analytes inside the polymer layer are within 
SERS active range.  It has been known that the local electromagnetic fields exponentially 
decay with increasing distance from the metal surface. 
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The LbL assembly is advantageous in the creation of polymer coating layers for 
SERS sensors because LbL assembly can create ultrathin polymer layers with precisely 
controllable thickness (1~2 nm for each layer), film composition, and chemical 
functionalities.127,128  The easy control of thickness (1~2 nm for each layer) and chemical 
functionalities of LbL films will be beneficial for increased selectivity and sensitivity in 
SERS-based sensors because the distance between adsorbed molecules and metal 
nanostructures can be controlled within several nanometer ranges by using ultrathin 
polymer coating layer.  Even with its great potential for selective layers in sensing 
applications, there have been only a few examples of using LbL thin films as recognition 
layers to adsorb target analytes.  For example, PEI was used for adsorption of methyl 
mercaptan (CH3SH)129 and PAH/PAA used for ammonia.130
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Chapter 2. Experimental Section: Materials and Methods 
2.1. Materials 
2.1.1. Carbon Nanotubes 
The carbon nanotubes (CNTs), produced by the arc discharge method, was 
purchased from MER Corporation (Arizona, U.S.A.). The raw material was in the state of 
black powder and composed of about 12 wt % single-walled carbon nanotubes (SWNTs) 
(1.2 − 1.4 nm in diameter, 10 − 50 µm in length, bundles of up to 20 nanotubes), along 
with other impurities including metal catalyst particles, amorphous carbon, and fullerenes.  
To remove impurities and oxidize the CNT, mutlti-step purification have been conducted. 
 
The multi-step purification procedure applied here involves oxidation in nitric 
acid, centrifugation, and filtration.  Sodium dodecyl sulfate (SDS) surfactant (Aldrich) 
was used to make stable colloidal suspension of SWNTs.  First, 50 mg of raw material 
was refluxed in 50 ml of 3 M HNO3 solution for 48 h at 100 oC. After the refluxed 
material was centrifuged for 30 min at 3300 rpm, the red-brownian supernatant acid was 
decanted off. The trapped acid in the sediment was removed by repeatedly (3−4 times) 
re-suspending the sediment in water (sonication for 2 min), centrifuging, and decanting 
the supernatant. Next, the sediment was dispersed in 20 ml of 1 wt% aqueous SDS 
solution by sonication for 1 h.  Immediately after sonication, the resulting dispersion was 
centrifuged at 3300 rpm for 3 h and the sediment of un-dispersed large aggregates was 
removed. Finally, the suspension was filtered with polycarbonate membranes (0.4 µm 
pore size, Millipore) for the removal of remaining small impurities. After filtration, the 
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residue on the filter was scraped and dispersed in 10 ml of 1 wt% SDS surfactant by 
sonication for 1 h. Subsequently, large aggregates of SWNTs in this suspension were 
removed by centrifugation at 3300 rpm for 1 h. The resulting black supernatant was kept 
in a clean vial for future experiments. 
 
For the assembly of CNTs on the polyelectrolyte multilayers, oxidized CNTs 
without surfactant was prepared.  Single-walled carbon nanotubes (SWNT), produced by 
arc discharge method, were purchased from Carbolex (Lexington, KY).  Carbon 
nanotubes were purified by oxidation in dilute nitric acid (3 M, 45 h), filtration (0.4 µm 
pore size), and taking supernatant after high-speed centrifugation (18000 rpm, 1 h). 
Metastable dispersion of oxidized SWNTs in aqueous solution (without surfactant) was 
prepared by sonication (Bath sonicator, 1 h) in Nanopure water (18 MΩ cm).  Due to the 
carboxylic acid groups on the walls and ends after oxidation, carbon nanotubes are 
negatively charged under normal pH conditions. 
 
2.1.2. Gold Nanoparticles 
For the patterned assembly of gold nanoparticles on the LbL multilayers, gold 
nanoparticles (13 nm in diameter) were synthesized using HAuCl4 solution as described 
elsewhere. 1,2  The gold nanoparticles have modest negative charges under normal pH 
conditions and can be used for electrostatic surface deposition without further 
modification.  For gold nanoparticle assembly on the porous alumina membranes, gold 
nanoparticles (32 nm in diameter) capped with cetyltrimethylammonium bromide 
(CTAB) were prepared by seed growth method following the literature procedure.3
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2.1.3. Polyelectrolyte Multilayers 
Poly(allylamine hydrochloride) (PAH) and poly(sodium 4-styrenesulfonate) 
(PSS) were purchased from Aldrich.  The nanomembranes were fabricated with spin-
assisted layer-by-layer (LbL) from polyelectrolyte bilayers and a central nanomaterial-
containing layer.  For LbL deposition, PAH (0.2wt.%) and PSS (0.2wt.%) solutions were 
prepared with Nanopure water (18 MΩ cm).  The general formula is (PAH-
PSS)nPAH/CNT/(PAH-PSS)nPAH or (nCNTn) for CNT central layer, where n is the 
number of polymer bilayers.   
 
2.1.4. Silicon Substrate 
The (100) silicon wafers (Semiconductor Processing) were cut in rectangular 
pieces of approximately 1×2 cm. They were cleaned in Nanopure water in an ultrasonic 
bath for 10 min, immersed in a piranha solution (3:1 concentrated sulfuric acid:30 % 
hydrogen peroxide, health hazard) for 1 h to re-grow the oxide layer, and then rinsed 
several times with water (18 MΩ cm, Nanopure). After rinsing, the substrates were dried 
under a stream of nitrogen and stored in sealed containers.  
 
2.2. Methods 
2.2.1. Atomic Force Microscopy (AFM) 
AFM scanning was performed in the tapping mode with a Dimension 3000 
(Digital Instruments, Inc.) microscope under ambient conditions according to the usual 
experimental procedure adopted in our laboratory. 4  Topographical and phase AFM 
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images were acquired at scan rates in the range of 0.5–1.0 Hz and a set-point amplitude 
ratio of about 0.8–0.9, which corresponds to the light tapping regime. Silicon cantilevers 
with spring constant of about 50 N/m and tip radii of 10–20 nm were used as verified by 
resonance frequency and a gold nanoparticle reference sample, respectively.5
 
2.2.2. Raman Spectroscopy 
Confocal Raman microscope CRM 200 (WITec, Germany) was taken on the 
patterned assembly of carbon nanotubes. The 532 nm line of a Nd:YAG laser was used as 
the exitation. The image was acquired line by line with Avalanche photodiode detector 
(APD) in single photon counting mode by fast imaging. The optical resolution of 
confocal optical microscope is 350 nm in lateral and 900 nm in axial.  In this work, we 
also used combined atomic force/near field/confocal scanning microscope which is based 
on the design of Aurora-3 NSOM (Topometrix/Veeco). The system allows simultaneous 
acquisition of high-resolution topography and Raman images for transparent sample. 
Topography was measured in Aurora’s standard shear-force AFM mode and the Raman 
imaging was achieved by confocal scanning mode. A Nd:YAG laser with 532 nm was 
used as exitation.  A CCD camera (Princeton Instruments/ Roper Scientific) was used to 
collect the spectra at every point of the sample. After data acquisition, images can be 
calculated from the spectra for any desired Raman energy. 
 
The Raman spectra of DNT on SERS substrates were recorded with a Holoprobe 
Raman microscope (Hololab series 5000 spectrometer, Kaiser Optical Systems, Inc) with 
back-scattered configuration using a 10× objective lens.  The excitation laser is diode 
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laser with 785 nm wavelength and the power is 20 mW to the sample.  The collection 
time is 20 sec with no accumulation and three points were averaged for each sample. 
 
2.2.3. Semiconductor Parameter Analyzer 
The semiconducting properties of carbon nanotube transistors were measured by 
using HP 4155 semiconductor parameter analyzer.  The device test was performed for 
5−7 devices for each channel length and presented as average values.  The channel 
lengths of 2.5, 5, 10, 20, 40 µm were used for CNT transistors.  The current-voltage (I–
V) characteristics were measured at ambient laboratory conditions. 
 
2.2.4. Scanning Electron Microscopy (SEM) 
A field-emission scanning electron microscopy (FESEM, LEO 1530) was used to 
investigate the assembled structures of gold nanoparticles decorating porous alumina 
membranes.  For this test, the samples were mounted on silicon substrate by using 
conductive carbon tape and gold sputtered lightly.  The operating voltage is 5-10 KeV. 
 
2.2.4. UV-Vis-NIR Spectroscopy 
 UV-Vis-NIR optical absorption spectra of the colloidal gold were measured with 
AvaSpec-2048 Fiber Optic Spectrometer (Avantes).  For nanocanal arrays decorated with 
gold nanoparticles, was used to measure the transmission and absorption spectra. 
Transmission and absorption spectra of the nano-canal arrays decorated with gold 
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nanoparticles were measured using an optical microscope (Leica DM4000M) equipped 
with a Craig QDI 202 point-shot spectrophotometer. 
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Chapter 3. Patterned Carbon Nanotube Arrays 
3.1. Introduction 
As attractive building blocks for molecular electronics, carbon nanotubes (CNTs) 
have been studied intensely due to their unique structural, mechanical, electrical and 
optical properties.1  Numerous potential applications of CNT-based nanodevices have 
been proposed including field-effect transistor,2 field emitter,3 probe tips,4,5 chemical 
sensors,6,7 and electromechanical sensor.8  In order to utilize CNTs in nanodevices, it is 
necessary to develop efficient strategies for their assembling into hierarchical 
nanostructures, which could be achieved by controlling the shape, location, and 
orientation of large nanotube arrays.  
 
Self-organization of CNTs into highly ordered arrays has been approached by 
direct-growth assembly or post-growth assembly methods. Significant progress in 
growing vertically aligned nanotube assemblies on patterned substrates has been made 
recently with pre-catalyst patterning and chemical vapor deposition (CVD).9, , , ,10 11 12 13 
Direct-growth assembly by CVD has the advantage of achieving highly ordered and 
densely packed nanostructures.  However, functionalized CNTs can be damaged by the 
high-temperature CVD process or cannot be synthesized by current CVD methods.   Post-
growth assembly of CNTs in a vertical direction has been demonstrated by the deposition 
of CNTs from suspension onto chemically modified surfaces.14  On the other hand, 
several in-plane orientation methods have been reported, such as catalytic growth,15,16 
alignment in electric and magnetic fields,17 , ,18 19  and self-assembling on chemically 
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modified surfaces. 20, , , ,21 22 23 24  Among all these approaches, self-assembly based on wet 
chemistry has received great attention recently because of the associated mild conditions 
and the ability to produce well-defined nanostructures.  
 
The CNT assemblies anchored to chemically modified surfaces are likely to be 
under different mechanical stresses caused by a combination of capillary and surface 
forces resulting in their stretching, twisting, and bending.25, ,26 27   Recently, it was reported 
that the mechanical deformation of CNTs strongly affects their electronic properties.28,29  
It has been demonstrated that the mechanical strain can open a band gap in a metallic 
CNT and modify the band gap in a semiconducting CNT.76  Confocal Raman imaging and 
spectroscopy have shown that CNT structure may change along the tube axis possibly 
due to external stress or local defects in the tube structure.30, ,31 32  However, very little is 
revealed on the related optical properties of stressed nanotubes and direct acquisition for 
individual CNTs and their bundles under stress conditions was not demonstrated.   
 
The relation between the Raman spectra and the basic structure of carbon nanotubes 
are intensely investigated and the nature of all major adsorption bands is well understood.33  
For CNT composites, it was reported that compressive strain can induce frequency shift of 
Raman G-modes of SWNTs/epoxy composites subjected to bending.34  However, these 
studies relied on the measurements of bulk CNT materials and their composites in which the 
transfer of mechanical stresses and actual shape of the stressed CNTs remain unknown to 
great extent.  Raman studies of bulk CNT materials demonstrated frequency upshift with 
increasing compressive strain under hydrostatic pressure.35,36   
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In this study, we demonstrate that wet-chemistry approaches (a combination of 
surface patterning and dip-coating) can be used to produce a massive amount of nanotube 
arrays assembled on the patterned silicon wafer surfaces. This approach provided not only 
uniform orientation but also well-defined spacing in nanotube positioning on a micron scale 
controlled by the dimensions of the hydrophilic and hydrophobic patterned surface areas. 
We propose that the dewetting of the liquid film is responsible for the uniform nanotube 
alignment.  In addition, we use a direct collection of Raman spectra from CNT arrays with 
precise localization of the probed area as monitored with atomic force microscopy (AFM), 
and confocal Raman microscopy.    
 
3.2. Sample preparation 
3.2.1. Microcontact Printing 
Microcontact printing (µCP) was used for the patterning of self-assembled 
monolayers (SAMs) on a silicon oxide surface.  A poly(dimethylsiloxane) (PDMS, Dow 
Chemical) stamp was cured at 60 oC for 1 hr in vacuum and released from a patterned 
mold of the highly-polished micromachined silicon grid (10 µm pitch, Micromash).  For 
surface patterning, an octadecyltrichlorosilane (OTS, Figure 3.1.b) (Aldrich) toluene 
solution was used as ink. Aminopropyltriethoxysilane (APTS, Figure 3.1.c) (Aldrich) 
SAM containing amine-terminated groups with the high ability to attract carboxylic 
















Figure 3.1. Chemical structures of molecules used in this study: (a) Sodium dodecyl 
sulfate (SDS) surfactant for stable suspension of CNTs, (b) hydrophobic monolayer of 
methyl-terminated octadecyltrichlorosilane (OTS), (c) hydrophilic monolayer of amine-
terminated aminopropyltriethoxysilane (APTS). 
 
The procedure for µCP is shown schematically in Figure 3.2.  For the preparation 
of OTS patterned SAM, the PDMS stamp was immersed into the 0.5 vol.% OTS solution  
in toluene to ink its surface inside the nitrogen-purged glove box (< 5 % RH), removed 
outside the glove box in OTS solution, dried with a stream of nitrogen for 30 s, and then 
brought in contact with the cleaned silicon substrate for 30 s in ambient conditions.  After 
each printing, the PDMS stamp was sonicated in toluene and ethanol for 2 min each and 
dried with a stream of nitrogen for 1 min to remove contaminations.  The patterned 
samples were rinsed with chloroform and dried with a stream of nitrogen.  To amine-
terminate, the bare silicon surface areas were backfilled with APTS by immersion in a 1.0 
vol.% APTS solution in toluene for 10 min after 1 h hydrolysis of APTS solution inside 
the nitrogen-purged glove box.  Samples were then rinsed with chloroform and dried with 
nitrogen. All procedures were conducted under cleanroom class 100 conditions to prevent 
contaminations with external impurities. 
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Figure 3.2. Surface patterning by mi











crocontact printing technique showing printing of 
lling with amine-terminated SAM. 
Figure 3.3 shows schematically the process of CNT deposition by dip-coating 
ng process (Figure 3.3a), patterned substrates 
were im
 
3.2.2. Assembly of Carbon Nanotubes  
and casting from solution. For dip-coati
mersed horizontally in carbon nanotube solution for about 24 hours, rinsed 
briefly (~ 30 s) in water, dry-immobilized in ambient laboratory conditions and rinsed 
several times in water. To exclude any other factors affecting the alignment, we did not 
use nitrogen gas when drying the samples. The substrates were withdrawn from a rinsing 
bath and dried vertically.  Withdrawing rate was 10–20 mm/s for all the case. CNTs are 
immobilized on the substrates in the drying step, so the alignment direction is determined 
in the drying step. After nanotubes deposition, the substrates were stored in a desiccator 
under dry air conditions before AFM studies. 
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Figure 3.3. Schematic illustration of the nanotube adsorption from solution on amine-
terminated SAM stripes. (a) Dip-coating process: Patterned substrates are imme
horizontally in CNT solution. CNTs randomly attach on amine-terminated stripes during 
immersion. The substrates are withdrawn vertically from the rinsing reservoir after brief 
rinsing and dried vertically at cleanroom class 100 conditions. Ordered array of carbon 
a)
Si substrate















nanotubes form during drying step. (b) Drop-casting of CNT solution on patterned 
onditions.  The substrate was tilted slightly (~5o) for the unidirectional fluidic flow. 
After t
substrates. As the solvent evaporates, the CNTs are adsorbed along with receding contact 
line, forming densely packed array of CNTs. 
 
For the drop-casting of CNT solution (Figure 3.3b), several drops of CNT 
solution were spread on a patterned substrate and allowed to dry at cleanroom class 100 
c
he solvent was completely evaporated, the substrate was rinsed thoroughly with 
deionized water and dried in cleanroom. 
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3.3. Results and Discussion 
3.3.1. Patterned SAMs by Microcontact Printing 
For the selective deposition of purified nanotubes, we prepared chemically 
city via the microcontact printing 
techniq
et se SAMs are usually 1.2 nm. 
heterogeneous surfaces with well-defined periodi
ue as was discussed above (Figure 3.4).  The micropatterned surface is composed 
of alternating hydrophilic and hydrophobic stripes: hydrophilic amine-terminated (–NH2) 
SAMs with the ability for strong grafting of carboxyl-functionalized carbon nanotubes, 
and hydrophobic methyl-terminated (–CH3) SAMs with weak adsorbing ability for 
various chemical groups. 37   As can be seen in Figure 3.4, the hydrophilic amine-
terminated surface areas are represented by darker stripes of 7 µm width on AFM 
topographical images. White stripes of about 3 µm across represent thicker hydrophobic 
methyl-terminated areas (with about 1.2 nm difference in thickness as measured by AFM 
and expected for these SAMs38). 
  
Figure 3.4. Patterned substrate with alternating hydrophilic amine-terminated stripes 






3.3.2. CNT Arrays by dip-coating 
Dip-coating of CNT solution on patterned substrates (10 µm parallel lines) 
se carbon nanotubes firmly attached to the amine-
terminat
resulted in a monolayer of less den
ed SAM surface (Figure 3.5).  This tethering is facilitated by electrostatic 
attraction, occasional chemical bonding, and strong van der Waals interactions.39  The 
majority of carbon nanotubes deposited on the patterned substrates with vertical or 
parallel to the drying direction, formed ordered nanotube arrays on stripes of amine-
terminated SAMs with high selectivity.  In fact, very few nanotubes can be found on 
hydrophobic stripes.  The deposition of carbon nanotubes on un-patterned amine-
terminated surface results in randomly oriented nanotubes without any indication of 
orientational ordering. These results demonstrate a critical importance of the surface 
patterning for the formation of regularly oriented arrays of carbon nanotubes. 
 
 
Figure 3.5. AFM topographical images of ordered arrays of carbon nanotubes obtained 








We propose that the dewetting of stripped liquid film confined to the hydrophilic 
stripes is responsible for the alignment of CNTs in the drying process. When the substrate 
is withd
nanotubes are randomly attached to the amine-terminated surface mainly by their 
functio
 
rawn vertically from a rinsing bath, an ultrathin liquid film is formed on the 
withdrawn substrate. 40  As known, during drying process of the liquid film on the 
tilted/vertical substrate under the unidirectional gravitational force, the downwardly 
dewetting liquid film exerts a hydrodynamic drag force and the receding contact line of 
this dewetting film exerts a surface tension force. 
 
During initial immersion of the substrate in nanotube solution, freely floating 
nalized nanotube ends. Also, nanotube sidewalls can be tethered to the amine-
terminated surface via electrostatic interactions facilitated by SDS surfactant linkers. It 
can be expected that tethered nanotubes are mobile in the solution as the surfactant 
molecules are removed in the course of careful rinsing, which may cause nanotube 
orientation by external forces. After a brief rinsing, when the substrate is withdrawn from 
the rinsing reservoir, the meniscus moves upward with the substrate forming a thin liquid 
film. This liquid film dewets instantaneously on OTS-covered stripes because of their 
hydrophobicity, thus forming a stripped flow pattern concentrated along the hydrophilic 
stripes. As the liquid film is drying, the dewetting liquid film exerts a hydrodynamic drag 
force on the anchored nanotubes. Also, the receding contact line exerts a downward local 
force on the immersed part of each anchored nanotube, while the emerged nanotubes 
remain immobilized to the substrates.  
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3.3.3. CNT Arrays by Drop-Casting 
As described in experimental section, directed casting was performed on 
atterned substrates with tilt. Directed casting from solution followed by gentle rinsing 
 arrays of carbon nanotubes (Figure 3.6).  The 
average thickness of these woven nanotube stripes stays within 10−20 nm that indicates 
selectivity of the adsorbing process.  CNT patterns are very regularly spaced (see sharp, 
pointlike rows of Fourier transform in Figure 3.6a), repeatedly reproduced along the 
stripes, and consistently observed for all stripes over millimeter size surface areas under 
given casting conditions. 
 
The local orientation of carbon nanotube assemblies within these arrays is very 
uniform with nematic-like ordering of densely packed straight nanotubes expanding over 
microscopic areas, as can be seen with AFM phase image and 2D Fourier transform 
image in Figure 3.6d.  It is likely that the local nematic ordering with uniform 
orientational ordering and no positional ordering is caused by higher lateral capillary 
forces along the length of a nanotube as compared to its width.41   Before, similar 
mechanism of nanotubes nucleation was described in detail by Zhou et al.42
 
The mechanism responsible for nanotube arrays prepared by casting of CNT 
solution is obviously different from that for arrays prepared by dip-coating.  For dip-
p
resulted in the formation of densely packed
multilayered character of the adsorbed material composed of several (3−8) layers of 
nanotube bundles.  As shown in Figure 3.6, very few carbon nanotubes can be found on 
the hydrophobic surface areas even without rinsing, which demonstrate the high 
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coating process, nanotubes are adsorbed during immersion, and then aligned during 
drying p
 
Figure 3.6. AFM topographical images with different scan sizes of highly-packed CNT 
arrays on amine-terminated stripes obtained by casting of CNT solution on patterned 
substrates. d) AFM phase image of nematic-like ordering of carbon nanotubes. The inset 
in (a) and d) shows 2-D Fourier-transform. 
rocess.  However, for casting process, nanotubes adsorption and alignment arise 
at the same time, resulting in highly packed nanotube arrays. In the process of casting on 
tilted surface, the liquid film of CNT solution spontaneously sweeps down at the 
patterned area (less wettable), making the solution locally very concentrated and confined 
to the hydrophilic stripes. Successive drying of this liquid film causes nanotubes 
deposition by nucleation along the contact line.  
 
13 µm 5 µm 




Here, we suggest that the formation of highly textured dense nanotube arrays is 
facilitated by vertical hydrodynamic forces causing initial orientation of carbon 
nanotubes along the hydrophilic stripes. Further formation of the orientation texture is 
controlled by the receding contact line, which aligns all carbon nanotubes perpendicular 
to the meniscus according to detailed studies on combing process for rod-like molecules 
such as DNA.43  It is likely that the local nematic-like ordering is caused by higher lateral 
capillary forces along the length of a nanotube as compared to its 41 echanism 
is virtually identical to that suggested for DNA combing with the only significant 
difference being a manner of the creation of microfluidic patterned flow not within closed 
microchannels, but directly on an open patterned surface of silicon wafers. 
 
 
 width. This m
 
Figure 3.7. AFM topographical images of nest-shaped CNT assembly on amine-
terminated areas obtained by casting CNT solution on rectangular- patterned substrates. 
The inset in (a) shows 2-D Fourier-transform demonstrating perfect positional ordering. 
Z-range is 100 nm for all images. 
 
As can be seen in Figure 3.7, nest-shaped CNT assembly was selectively adsorbed 
on hydrophilic amine-terminated regions by casting CNT solution on patterned substrate. 
The patterned substrate is square-shape which is obtained by crossed microcontact 




printing with stamp with parallel stripes of 10 µm pitch.  From the Figure 3.7, even 
though the amine-terminated regions are rectangular shape, the shape of the adsorbed 
assembly of carbon nanotubes was observed to be circular shape, indicating that CNTs 
are like  
 
shape. From  that the 
y of CNT Arrays 
ly to follow the motion of microfluidic flow and bend easily by the surface
tension force.  This feature also tells us the high elasticity of SWNTs.  High-resolution
AFM topographical images in Figure 3.7b show that nanotubes on the rim are bent along 
the circumference of the CNT nest, while nanotubes on the center region are in straight 
 the overall tendencies of orientation and nanotube shapes, it is likely
nanotubes are deposited along the contact line of evaporating CNT solution on the 
hydrophilic area. 
 
.3.4. Raman Spectroscopy Stud3
Figure 3.8a shows an AFM image of highly-packed CNT assembly on amine-
terminated (NH2−) monolayer obtained by casting CNT solution on patterned substrate. 
A Raman spectrum taken on this sample at a 532 nm laser excitation is shown in Figure 
3.8c. We see typical Raman features of carbon nanotubes with RBM near ~180 cm−1, D-
band near 1340 cm−1, G-band near 1590 cm−1, and G′-band near 2670 cm−1. The feature 
near 1740 cm−1 is the second-order Raman spectrum. A 3-D confocal Raman image of 
this CNT assembly was shown in Figure 3.8b which was obtained by integrating the 
intensity of Raman spectra at 1590 cm−1. Similar to AFM image in Figure 3.8a, Raman 
image in Figure 3.8b clearly identify the highly packed CNT assembly on patterned 
surfaces. Locally high Raman intensity regions (bright color) along the stripes are 
possibly from the non-uniform thickness of CNT assembly.   
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Figure 3.8. (a) AFM topographical image of densely packed arrays of carbon nanotubes 
on NH2-terminated monolayer obtained by casting of CNT solution on patterned 
substrates. Z-range is 80 nm. (b) Confocal Raman scattering image of patterned assembly 
of carbon nanotubes of intensity at the Raman line 1590 cm-1. c) Raman spectrum of 
CNT assembly taken with 532 nm laser excitation. The spectra marked with an asterisk 
(*) are from the silicon substrate. 
 
CNT nest obtained by casting on rectangular-patterned substrate is shown in 
Figure 3.9a.  A confocal Raman image of this nanotube “nest” is shown in Figure 3.9b, 




















 (bcm-1 right color).  In accordance with the Raman peak position, Raman image exhibits 
dark color along the rim and bright color on the center region of the CNT nest. That is, 
Raman frequency is close to 1588 cm-1 along the rim and 1594 cm-1 on the center of the 
nest.  Figure 3.9c shows the corresponding Raman spectra of these two areas, in which 
the blue spectrum (blue area in Figure 3.9b) is shifted 3 cm-1 to lower wavenumbers, 
while the width of the line is nearly constant. These changes in the Raman spectra clearly 
indicate that there is a change in nanotube structure along the tube axis. Changes in 
nanotube structure can have several origins such as external stress, due to catalyst 
particles, or local defects in the nanotube structure. 
 
AFM images in Figure 3.9a show that nanotubes on the rim are bent along the 
circumference of the CNT nest, while nanotubes on the center region are in straight shape. 
Because of the nanotube bending and possibly shear stresses between neighboring CNT 
bundles, the bent nanotubes on the rim are likely to be under high tensile strain, which 
can cause some structural changes in nanotube.  It has been known that the Raman G-
band at ~1590 cm-1 varies with the C−C bond length of carbon nanotube.44,45  For carbon 
nanotubes under hydrostatic pressure, compressive strain results in hardening of C−C 
downward shift of D* band at around 2610 cm  was 
reported for SWNTs within a polymer under tensile strain.47  
 
bond length of carbon nanotubes. 46   In our experiments, the tensile strain of bent 
nanotubes may loosen the C−C bond length and consequently lower the frequency of G-
band at ~1590 cm-1. Previously, -1
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Figure 3.9. a) AFM topographical image of nest-shaped CNT assembly on amine-
terminated rectangular pattern. b) Confocal Raman image of CNT “nest” at Raman line 
~1590 cm-1. The image is scaled from 1588 cm-1 (dark) to 1594 cm-1 (bright). c) Raman 
spectra obtained by integrating over all spectra in the marked areas. The red and blue 
spectra correspond to red and blue areas in Figure 3.9b, respectively. The spectra are 
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Chapter 4. Liquid-crystalline processing of highly-oriented 
carbon nanotube arrays for thin film transistors 
sem aterials and their arrays are generating significant research interest for 
h
processing on flexible substrates.1 ,2 ,3   Semiconducting single wall carbon nanotubes 
S stors 
  However, because of the limited current-carrying capacity of individual 
necessary current density of devices.  The performance of carbon nanotube (CNT) TFTs 
t of 
CNTs.  Several approaches have been made to align CNTs by solution-based 
tech ed in their prospective 
s due to low surface density of CNT array formed.  Other solution-based 
approaches have been attempted to make highly dense CNTs, but the resulting CNT layer 
is randomly oriented.13
 
Highly dense, randomly oriented CNTs have been recently used as effective 
semiconducting layers for thin-film transistors, although the inter-nanotube contact 
resistance of many overlapping tubes limited the full exploitation of the intrinsic high 
 
4.1. Introduction 
Electronic devices based on solution-processable one-dimensional 
iconducting m
t e applications requiring low-cost fabrication, large-area coverage, and low-temperature 
( WNTs) are one of the promising candidates for high-performance thin-film transi
(TFTs) due to their potential high carrier mobilities and large current carrying 
4,5capacities.
SWNTs, random networks or parallel arrays of SWNTs would be required to provide the 
can be improved by increasing surface density and controlling the uniform alignmen
niques, 6 , 7 , 8 , 9 , 10 , 11 , 12  but most of the methods are limit
application
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mobilities.14,15,16,17,18  Recently, it has been demonstrated that carbon nanotubes, like 
other anisotropic and one-dimensional molecules, might form a lyotropic liquid 
crystalline phase.   Above a critical concentration, CNTs have shown a phase 
matic liquid crystal phase.  This liquid crystalline behavior of CNT 
el solution-processable routes to large-scale alignment of CNTs in 
many p
.2. Sample preparations 
19,20,21,22
transition to ne
solution can offer nov
otential applications requiring oriented CNT arrays.23  However, inducing long-
range nematic ordering with low misaligned defects within CNT surface layer still 
remains a big challenge. 
 
Herein, we report the formation of long-range ordered and dense array of CNTs 
via liquid crystalline processing by simple tilted-drop casting of CNT solution on 
functionalized micropatterned geometries.  As the solvent evaporates during tilted-drop 
casting, the carbon nanotubes diffuse from the bulk solution to the liquid-solid-air 
receding contact line by convective flow causing the concentrated solution to form 
nematic liquid crystalline phase.  Confined geometry of the micropatterned surface 
induces uniform long-range orientation of dense CNTs films during the surface 
deposition.  We further demonstrate that the electrical performance of thin-film 
transistors based on these densely-packed uniformly oriented CNT array is dramatically 
improved compared to random CNTs. 
 
4
Purification of single-wall carbon nanotubes synthesized by arc-discharge 
(Carbon Solutions, Inc) was performed by mild air oxidation (350 oC, 2hr), followed by a 
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6 M hydrochloric acid washing for 2 hr.  Stable dispersion of CNTs was achieved by 
dissolving purified CNTs in 1% aqueous sodium dodecyl sulafate (SDS) solution by 
sonication for 2hr and centrifugation (18000 rpm, 1hr).  The resulting SWNT bundles 
were 1.6±0.6 µm in length and 6.7±3.0 nm in diameter, as measured from atomic force 
microscope (AFM).24  The concentration of resulting CNT solution was ~0.1 − 0.2 mg/ml. 
All the silicon substrate was modified with aminopropyltriethoxysilane to form NH
 
bout 5o for unidirectional solvent evaporation.  The tilted-drop 
asting process was conducted in a sealed container (within 2 days) for SWNT films in 
Figure 
ing process of SWNT solution on a silicon 
odified with NH2-terminated self-assembled monolayer (SAM) according to the 
ewhere. 24,25  For this process, an appropriate amount of 
SWNT
2-
terminated surface.  The CNT solution was tilted-drop cast on photolithographically 
patterned surfaces tilted a
c
4.1 or in ambient laboratory conditions (within 18 hrs) without using any sealed 
container for other SWNT films.  For CNT-TFT fabrication, a heavily doped silicon 
wafer was used as the substrate and the gate electrode.  CNT films were fabricated on 
SiO2 (200 nm)/Si substrate and subsequently Au electrodes were prepared with e-beam 
lithography followed by lift-off of photoresist (AZ 5214).  The semiconducting properties 
of CNT-TFTs were measured by HP 4155 semiconductor parameter analyzer for 5−7 
devices with variable channel lengths and presented as average values. 
 
4.3. Results and Discussion 
Figure 4.1a shows schematic of tilted-drop cast
wafer m
procedure described in detail els
 solution was spread on the tilted substrate and left without any perturbation inside 
a sealed container.  As the solvent evaporated, the liquid-solid-air contact line sweeps 
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down the surface, accumulating highly concentrated solution in the vicinity and leaving 
dense CNT layer behind the receding line.  Figure 4.1b shows AFM image of the 
resulting SWNT film formed after tilted-drop casting was completed.  It shows a large 
area of dense SWNT film, in which SWNT bundles form monolayer surface film with the 
thickness 7 nm close to the diameter of the bundles with occasional defects and 
multilayer aggregates (indicated by arrows).  
 
 
Figure 4.1. Surface ordering of carbon nanotube films by slow evaporation of carbon 
wafer. a) Scheme for the tilted-drop fabrication routine without physical confinement. b)-
liquid crystalline texture and ordering along with characteristic topological defects.  
nanotube solution during tilted-drop casting on NH2-terminated SAM surface of a silicon 





5 µm 2 µm
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A higher resolution imaging revealed that SWNTs are assembled into small 
bundle-like structures and within each domain SWNTs are uniformly aligned (Figures 
4.1c,d).  This microstructure is similar to nematic-type ordering observed for liquid-
crystalline CNT solutions and their footprints on a solid substrate. 21,26,27  While previous 
studies are based on highly concentrated CNT solutions, our observed liquid-crystalline 
like surface structures are achieved from low-concentration (~0.1−0.2 mg/ml) aqueous 
lution but involves ordering along the receding contact line.  We suggest that the 
form n of liquid-crystalline structure is sed the high evaporation rate on the contact 
line resulting in highly concentrated solution in the vicinity of the receding contact line 
thus, promoting the liquid crystalline ordering.  This phenomenon is well-known in 
colloid systems28,29 and sim  previously observed for SWNT30,31 and 
nanorod solutions.32,33  
 
 
Figure 4.2. Different structures of CNT films when the solutions are evaporated within 





ilar behavior has been
(a) (c)(b)
The surface textures and defects for our SWNTs closely remind those observed 
for liquid-crystalline CNTs.20,31  The typical singularity defects of liquid crystalline types 




Figure 4.3. a) Schemes for the tilted-drop fabrication of thin film on amine-terminated 
SAM surface micropatterned with photoresist polymer stripes. b),c) AFM topographical 
images of carbon nanotube films showing uniaxially oriented, densely-packed CNT 
bundles. 
 
The array of long-range nematic structures can be created by confining the drying 
process within micropatterned geometries (Figure 4.3).  To control this process, we 
of amine-terminated SAM by using photolithography 
with the periodicity 5 µm.  In this case the tilted-drop casting process splits in parallel 
microchannels with the solution confined between two parallel solid walls (height is 1.3 
µm) (Figure 4.3a).  This modification results in unidirectional microfluidic flow pattern 
t is worth to note that by changing the solvent evaporation rate, the structure of 
SWNT film can be controlled: with increasing the evaporation rate, the size of nematic-
type domain decreased resulting in isotropic texture when the evaporation completed 
within several hours (Figure 4.2).  Consequently, the higher nematic ordering is achieved 
by slowing down the solvent evaporation rate.  Finally, surface cracks and undulations 
observed for these CNT films occur due to internal stresses from the coupling between 
the nematic ordering and elasticity in the formation process.20 
 
1 µm 5 µm
(a) (b) (c)
formed stripes of photoresist on top 
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which causes the formation of multiple stripes of highly oriented SWNT films.  
Removing the photoresist micropattern leads to the densely-packed oriented SWNT 
stripes with 2.5 µm width and 5 µm periodicity (Figures 4.3b,c).  Within these stripes, 
SWNTs form undulated structures with the director of the local orientation regularly 
modulating along the axis due to capillary instabilities in the receding front.34  It is worth 
to note that when the width of confining channel increased and became much higher than 
the average nanotube length (1.6 µm), the nematic-like ordering vanished.  This behavior 
indicates importance of the steric factors in the formation of highly oriented structures. 












Figure 4.4. Device configurations of back-gated oriented (a) and random CNT-TFTs (b) 
with Au source/drain electrodes. c) AFM topographical image of CNT-TFT with 





10 µm Drain 
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These dense and highly oriented SWNT films can be exploited as component in 
high performance electronic devices.  Without going into detailed study of the device 
performance but just to test their potential, we fabricated CNT thin film transistors 
(TFTs) in which densely packed CNT layer serves as semiconducting channels between 
source and drain electrodes (Figures 4.4a,b).  For device fabrication, source-drain contact 
electrodes were made with Au (50 nm high) layer by using e-beam evaporation and 
subsequent lift-off process.  Here, we used only Au contact with minimal Schottky 
barrier to carbon nanotubes.35  As known, Au electrodes are strongly attached to the 
silicon surface due to the affinity to amine-terminated SAM and the use of additional 
interlayer can be avoided making the fabrication process simpler without compromising 
on structure robustness.   
 
To analyze the preliminary electrical properties and device performances, we 
fabricated oriented and random CNT films which were formed with and without 
micropatterning, respectively (Figures 4.4c,d).  CNT surface layers with confined 
geometries show strong preferential orientation with some modulation along the stripes 
due to flow instabilities while random texture was observed in traditional CNT film 
(Figures 4.4c,d).  The nanotube density in both cases was about 18 bundles/µm that 
corresponds to surface density of 7 bundles/µm2 with taking into account of the average 
bundle length (1.6 µm). 
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Figure 4.5. a) Transfer characteristics of oriented CNT-TFTs with 20 µm channel length. 
The bias voltage Vds is 0.5 V. The inset compares the transfer characteristics between 
oriented and random SWNTs. b) Output characteristics of oriented CNT-TFTs when the 
gate voltage is swept from −40 to 40 V in 20 V steps. c) − f) Electrical characteristics of 
oriented (circles) and random (squares) CNT-TFTs with different channel lengths: c) 
resistance measured at Vgs = −40V; d) normalized conductance measured at Vgs = −40V, 







































































































































The transfer and output characteristics of a CNT-TFT are shown in Fig 4.5a and b.  
The device exhibits p-type semiconducting behavior with a linear IVds characteristics and 
minor IVg hysteresis, which is a typical behavior of SWNT transistors operated in air.37  
The saturation regime was not reached under experimental conditions available.  Also, 
the device shows a modest dependence on gate voltage due to the presence of CNT 
bundles containing metallic nanotubes.  The transistor with random SWNTs shows 
similar p-type semiconducting behavior, but the current level is much lower than that of 
oriented S Ts (see inset in Fig 4.5a).  The electrical characteristics are compared in 
Figure 4.5c−f for CNT-TFTs with different channel length (different distance between 
electrodes).  Considering that the effective channel width contributing to the observed 
transport properties is half of the full channel width (200 µm) for micropatterned array, 
we normalized device performances (conductance, mobility, and transconductance) 
correspondingly.  As can be seen in Figure 4c, resistance of the oriented CNT-TFT is 
much lower (3−5 times) than that with random CNT surface layer.  Moreover, the contact 
resistances of the gold/nanotube interface, as determined by the y-intercept of the linear 
fit, are negligible compared to the channel resistances, indicating an excellent property 
achieved by avoiding the use of adhesive metal interlayers. 
 
Correspondingly, the normalized conductance of oriented CNT-TFTs is 4 − 7 
times higher than those with random CNTs (Figure 4.5d).  All CNT-TFTs show similar 
SWNT film agrees very well with the experimental and theoretical studies based on 
WN
linear dependence of conductance upon channel length with the conductance exponent of 
−1.17 for oriented and −0.96 for random CNT-TFTs.  The value of −0.96 for random 
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random network of SWNT films.14,36  As known, the conductance exponent approaches 
−1.0 fo
18
e uniaxially oriented 
NTs significantly reduce the number of inter-tube contacts that the carriers should 
pass th
r high density (>3.0 µm2) SWNT films and decreases with decreasing nanotube 
density. 36  Oriented CNT-TFTs possess similar conductance exponent with some higher-
off deviation on channel 2.5 µm, which is possibly caused by the occasional ballistic 
transport through highly oriented longer nanotubes (over 2−3 µm) for short channel 
length (2.5 µm).  As known, the ballistic transport for short channel length can make the 
transport scaling more rapidly with channel length.14,36
 
The linear hole mobility estimated from the relation µ = (dID/dVG)(L/WCVD), 
where ID is the drain current, VG is the gate voltage, L is the channel length, W is the 
channel width, C is the gate capacitance, and VD is the drain voltage is presented in 
Figure 4.5e.18  The gate capacitance can be estimated from the relation C = εε0/t, where ε is 
the dielectric constant of the silicon oxide (3.9), ε0 is the vacuum permittivity, and t is the 
thickness of the gate dielectric (silicon oxide).  The hole mobility increases with the 
channel length in the short channel range until saturation for the long channels.  The hole 
mobility of oriented CNT-TFT is in the range of 60 − 92 cm2/Vs which is much larger 
(5−6 times) than those of random CNT-TFTs.  Both values are significantly larger than 
those of amorphous Si TFTs (<1 cm2/Vs).37  We suggest that th
SW
rough, resulting in dramatically increased mobility.  The highest mobility of 126 
cm2/Vs achieved for some oriented CNT-TFTs (for channel length of 20 µm) is 
comparable to the record mobility reported for the highly oriented SWNT TFTs (125 
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cm2/Vs) prepared by CVD method.38  On the other hand, this mobility is higher than that 
for the TFTs with parallel arrays of silicon nanowires (119 cm2/Vs).39
 
Finally, normalized device transconductance (gm=(dID/dVG)/W) scales linearly 
with channel length for both TFTs (Figure 4.5f).  The transconductance is within 0.02 − 
0.2 µS/µm (at VD=0.1V) for oriented CNT-TFTs, which is seven times higher than that 
for random CNT-TFTs (0.003−0.03 µS/µm).  The transconductance value (0.02−0.2 
µS/µm) for oriented CNT-TFTs is higher/comparable to that of oriented Si nanowires 





above are much higher than those for random CNT-TFTs.  Moreover, they are 
very high as compared to usual literature values for CNT-TFTs and sometimes are close 
to record values reported for rather complicated TFT versions. 
 
Although our CNT-TFTs show excellent electrical characteristics even without 
special optimization their relatively low on/off ratios (<3) is caused by the presence of 
metallic SWNTs in the semiconducting channels because of mixed character of CNT 
used here.  However, the high device mobility and transconductance values demonstrate 
the potential application of high-density oriented SWNT films in low-cost, large-scale 
high-performance electronic devices.   Prospective realization of high performance 
CNT-TFTs will rely on the electronic purity of SWNTs which should be addressed in 
future studies.  These issues are currently tackled by several research groups working 
towards effective separation of metallic and semiconducting nanotubes.   We believe 
that if highly purified carbon nanotubes will be exploited, the tilted-drop approach 
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suggested here will be instrumental in a simple fabrication of highly efficient thin film 
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Chapter 5. Strain Sensitive Carbon Nanotubes in Freely 
5.1
Carbon nanotubes (CNTs) are considered as prospective elements for nanosensors 
due f their 
nan  fluid flow, and fracture.2,3  Strain 
sensing was demonstrated by detecting the shift of Raman bands and changes in 
electronic properties of carbon nanotubes embedded in polymer matrix 4,5 or bent by the 
AFM tip.2,6  The Raman spectroscopy is considered to be promising for highly sensitive 
detection if resonance Raman scattering (RRS) 7 or surface enhanced Raman scattering 
(SERS) 8  phenomena are in place.  Due to the strong RRS phenomena in carbon 
nanotubes, Raman spectroscopy becomes a critical tool. 9,10,11  With the development of 
confocal Raman technique, it became possible to obtain Raman signal with a sub-micron 
spatial resolution 12, 13 and from individual carbon nanotubes and bundles.7,13
 
Recently, flexible free-suspended nanomembranes with total thickness of several 
tens of a nanometer have been suggested as a novel platform for highly-sensitive 
microsensors. 14   These free suspended nanomembranes fabricated via layer-by-layer 
(LbL) assembly showed excellent robustness and sensitivity to external stimuli.15 , 16   
However, studies of micromechanical properties of these nanomembranes were limited to 




 to their unique mechanical and electronic properties.1  The strong dependence o
band electronic structures upon the external stress is promising for development of the 
oelectromechanical devices sensitive to pressure,
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information for stressed nanomembranes 16,17  New approaches are required to monitor 
internal stresses and structural reorganizations of these nanoscale membranes in the 
course of their responsive behavior. 
 


















n the polyelectrolyte multilayers (top); experimental schematic of combination of 
 test and confocal Raman spectroscopy (Bottom). 
 
Here, we suggest a novel approach by applying confocal Raman spectroscopy in 
RRS modes for in situ monitoring of the deflecting freely suspended nanomembranes 
with embedded carbon nanotube array as a central nanolayer (Fig 5.1).  This central layer 
provided not only for significant reinforcement of the nanomembranes essential for their 
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outstanding robustness but generated a strong resonance Raman scattering which can be 
used for the direct monitoring of internal membrane stresses with high precision, 
localization, and in real-time. 
 
5.2. Sample Preparations 
Single wall carbon nanotubes produced by arc discharge method (Carbolex, TX) 
were purified as described in Chapter 2 and used as bundles of 3-4 nm in diameter and 1-
2 µm length.  In this work, we would focus on the nanomembranes containing carbon 
nanotubes and nine bilayers, 9CNT9.  P ric nanomembranes were also studied 
for comparative purpose.  These nanomembranes have been free-suspended over the 
micromanufactured openings in copper substrates with lateral dimensions of 150 µm.  
The copper plates with nanomem hed to a sealed chamber for a bulging 
test.  The pressure inside the ch usted by the pressure pump and monitored 
by DPM-0.1 digital pressure module (SI Pressure Instruments Ltd, Birmingham, UK) 
with an accuracy of 0.02 mb  deflection of the membrane under variable pressure 
was measured by a home-built interferometry set-up.   
 





a er.  Th
Confocal Raman spectroscopy was conducted with a custom designed set-up 
ased on Aurora-III NSOM microscope (Digital Instrumb
s used as the light source with intensity of 1 mW on the sample.  The spectra were 
recorded by a cooled CCD camera with resolution of 0.32 cm-1.  For the combination of 
the bulging test and confocal Raman measurements, the seal chamber was placed at the 
focus of the objective lens and data were collected in back scattering mode.  During the 
 82
experiments, the nanomembrane was gradually deflected in a step-wise manner and 
Raman spectra were recorded directly during a reversible cycle of changing pressure. 
 
5.3. Results and Discussion 
















The freely suspended n
ssembly 14 contain poly(allyl amine) / sulfonated polystyrene (PAH/PSS) with a 
general formula is (PAH-PSS)nPAH/CNT/(PAH-PSS)nPAH, or (nCNTn).  The properties 
of 9CNT9 nanomembrane are summarized in Table 5.1.  Carbon nanotubes randomly 
assembled within a central nanolayer covered 20 % of the surface of PAH topmost layer 
(Figure 5.2a).  The overall volume fraction of carbon nanotube within the nanomembrane 
is estimated to be within 0.8 - 1.6 %.  The surface of 9CNT9 nanomembrane is smooth 
with a microroughness of 8.7 nm within 1×1 µm2 which is only slightly higher than the 
microroughness of purely polymeric nanomembranes (Figure 5.2b).  The total thickness 
of the nanomembranes was about 60 nm as measured from the edge height (Figure 5.2).  
 






60 8.7 8.8±2.1 0-100 0-5000 
9_9 [b] None 35 3.8  1.5±1.0 0-50 0-5000 

















nanomembranes. a) AFM topography of high density CNTs deposited onto the surface of 
silicon substrate; c) Interferometer pattern of bulged 9CNT9 membrane under pressure 
suspended nanomembranes with diameter of 150 µm.  
An interferometer pattern of deflecting nanomembranes displays a series of 
c).  The deflection-
p  var taine  i  p  pr n d.16  
The purely polymeric nanomembranes can be deflected multiple times to 15-18 µm with 
the applied pressure reach  100 mb The 9CN bra ws igher 
bending stiffness (deflections below 5 caused b oug g eff to the 
























Figure 5.2. Structure, morphology and mechanical test of carbon nanotube contained 
polyelectrolyte multilayers; b) 3D topography of edge of 9CNT9 nanomembrane on 
differential of 4 mbar; d) Deflection-pressure correlation of 9CNT9 and 9_9 free-
 
concentric Newton’s rings indicating their dome-shape (Figure 5.2
ressure iation ob d from the nterference atterns is esented i  Figure 5.2
ing ar.  T9 mem ne sho  much h
µm) y filler t henin ect due 
ct, th  mod culate m defle
pressure data reached 8.8 GPa which is six times higher than that for purely polymeric 
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nanomembranes (Table 5.1).  Th ilar to that reported earlier 
for thicker membranes reinforced with carbon nanotubes and clay/metal nanoparticles.17,18
 
of Raman spectra of 9CNT9 nanomembrane (2) and pure polyelectrolyte multilayer 
nanomembrane under pressure differential; c) Raman band shift of G bands and D band 
of Raman G band position and nanomembrane deflection and strain during the bulging 
1400 and 1593 cm-1 which are most noticeable peaks for these polymers (Figure 5.3a, 
0 1 2 3 4 5
1600
e values obtained here are sim
 
Figure 5.3. Raman spectra and data analysis of 9CNT9 nanomembranes. a) Comparison 
11_11 (1); b) High resolution Raman spectra of G bands of carbon nanotubes in the 
with the change of pressure differential applied to the 9CNT9 membrane; d) The relation 
tests, low deflection region with small increments (1) and large deflection region with big 
steps (2). 
 
A Raman spectrum of the free-suspended purely polymeric nanomembrane 11_11 



















































































oscillations in the range of 2600-4000 cm-1 is an instrumentation artifact).19  Raman 
scattering changed dramatically for nanomembranes containing carbon nanotubes: the 
overall intensity increased by several orders of magnitude with strong peaks becoming 
clearly visible (Figure 5.3a).  The characteristic CNT resonance Raman bands (G, D and 
G*) were clearly observed with other weaker Raman bands caused by the polymer 
matrix. 20 , 21   For the rest state, the high resolution Raman spectrum of 9CNT9 
nanomembrane gave peak positions as follows: D band at 1352 cm-1 and a G band (G+) at 
1599 cm-1 with the a left-side shoulder (G-) of 1571 cm -1.  The peak width of G band, 
20±3 cm -1, was close to that reported on individual CNTs and bundles.22,23
 
The 9CNT9 nanomembranes were directly monitored with confocal Raman 
spectroscopy during the bulging test.  This monitoring showed that the peak positions of 
both G and D band were shifted to lower frequency (Figure 5.3b,c).  For the maximum 
deflection at 98 mbar, the G band was shifted to 1589 cm-1 (G+ band) and to 1564 cm-1 
(G- band) (Figure 5.3b).  The G+ band was shifted by 10 cm-1 and the G- band shift 
-1
e plotted the peak position vs membrane deflection and converted deflection-
pressur  24
reached 8 cm .  The position of the D band remained unchanged within the experimental 
error (Figure 5.3c).  All changes were completely reversible and repeatable.  For further 
analysis, we selected G band at 1599 cm-1, the sharpest peak in the Raman spectrum and 
collected high-resolution scans with a small pressure increment (Figure 5.3d).  For further 
analysis, w
e (d-P) into stress-strain (σ−ε) data according to the known relationship:
dh
aP 2








This analysis revealed very intriguing features of the carbon nanotube 
deformation within deflected nanomembranes under combined bending and tensile 
stresses never observed before.  Indeed, the peak position shifts were different for small 
and large deflections (Figure 5.3d).  Below 2 µm deflection which corresponds to very 
low strain of <0.05% and stress below 10 MPa, the peak position shifted insignificantly, 
within 1 cm-1.  The behavior changed dramatically for higher deformations: the shift to a 
lower frequency became much more pronounced and reached 10 cm-1 for deflections 
within 2 - 5 µm, strains within 0.05 - 0.3%, stresses reaching 50 MPa, and the shift rate 
close to 36 cm-1 per 1% (Figure 5.3d). 
 
We suggest that two different m of Raman peak changes visualize two 
deformational regimes of the elastic deformation.32  At small membrane deflections, the 
This non-trivial behavior can be understood considering a complex regime of 




  It has been already demonstrated that the mechanical strain modifies the 
CNTs band gap.6  Confocal Raman spectroscopy have shown that nanotube 
microstructure may change under mechanical stresses due to local bond stretching and 
defect reorganization.26,   For CNT composites, it was reported that the compressive 
strain can induce a higher frequency shift of the G-mode. 28  Significant shift to a lower 
frequency was predicted theoretically and observed experimentally for carbon nanotubes 
under stresses.3,5,, ,    It has been demonstrated that a shift rate can reach 10-20 cm-1 per 





h nanotubes which releases local strain and bond 




ation predominantly occurs through bending while in-plane tensile stress (the 
membrane regime) dominates larger deflections.  Considering this mechanism, we 
suggest that initial small Raman shift reflects bending and buckling of carbon nanotubes.  
In fact, for sideways buckling, the critical strain εc can be estimated from:33  
2/)/( 2Lac πε =  (2) 
where a is a nanotube bundle diameter (3 nm) and L is the nanotube length (1-2 µm).  
Although the bending angle in this deformation range is low, the carbon nanotubes are 
already above the critical bending strain (εc = 0.005%).  With this condition, bending 
stress causes t e buckling of carbon 
at
mbrane regime is taking place with predominant tensile stress acting within 
membrane interior.  The membrane deflection higher than 2 µm results in the transition 
from the bending deformation to tensile regime.  As a result of this change in deformation 
scenario, the shift rate increases dramatically and becomes even higher than that usually 
detected in tensile experiments for CNT composites.  This difference indicates significant 
elastic deformation and high load transfer between LbL polyelectrolyte matrix and 
embedded nanotubes facilitated by wrapping them into amine-enriched PAH layer.  
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Chapter 6. Patterned Carbon nanotube arrays encapsulated 
 
6.1
ng-living free-standing organized micro- and nanostructures composed of 
Inst d and stay at solid surfaces 
re examples 
1,2,3
albe ant polymeric nanofilms.  For such sandwiched structures only nanoscale 
c
nes 
uggested. 4 , 5 , 6 , 7   
7 faces,8 and 
pin-coating on sacrificial layer.9  Carbon nanotube-containing membranes have recently 
een demonstrated to show several interesting properties such as high tensile strength 
ing that of hard ceramics,7 electrical conductivity,10 and controlled molecular 
transport.11  On the other hand, freely suspended nanoscale (thickness below 100 nm) 
into freely suspended flexible films 
. Introduction 
Lo
nanowires and nanotubes are rarely demonstrated due to their extremely fragile nature.  
ead, a vast majority of known nanostructures are fabricate
which provide firm support but can severely alter their properties.  Several ra
of free-standing nanostructures include freely suspended carbon nanotubes, nanotube 
forests, and multilayered films.   Here, we suggest a novel approach for the fabrication 
of freely standing microarrays of carbon nanotubes by encapsulating them into robust 
it compli
ompliant barriers (below 20 nm thick) stand between a sandwiched carbon nanotube 
array and environment.  
 
Freely suspended ultrathin (thickness of 100 – 1000 nm) membra
incorporating different functional nanomaterials have been recently s
Freely suspended membranes containing nanoparticles have been fabricated by a number 





membranes containing gold nanoparticles with high elasticity and robustness have been 
recently fabricated.   These nanomembranes might serve as pressure or acoustic 
microsensors replacing stiff silicon membranes.   Carbon nanotubes, with its excellent 
mechanical strength and unique electrical properties, represent excellent candidates for 
embrane sensors requiring high electrical conductivity and 
extrem
h subsequent selective adsorption controlled by electrostatic 
teractions.22,23
 
For freely suspended nanomembranes, cellulose acetate was used as sacrificial 
layer and LbL multilayers were prepared by the spin-assisted self-assembly method 
which was described in detail elsewhere.   The experimental procedure for patterned 
arrays of carbon nanotubes is outlined schematically in Figure 6.1.  Sacrificial PS 




e robustness.14  
 
Here, we demonstrate the successful fabrication of carbon nanotube microscopic 
arrays embedded into freely suspended LbL membranes by using spin-assisted LbL 
assembly and microcontact printing via sacrificial polymer patterning.  Free-standing 
patterned polymer films have been fabricated by growth of polymer on patterned self-
assembled monolayer. 15   Patterned assembly on polyelectrolyte multilayer has been 
previously demonstrated with colloids,16,17 19 21 biological materials,18,  and nanoparticles.20,   
These approaches involve patterning LbL multilayers by using polymer-on-polymer 
stamping technique wit
in
6.2. Sample Preparations 
12,24
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printing of PS ink (Mw=200000, 2% in toluene) with PDMS stamp. 25,26  CNT deposition 
was accomplished by blow-drying CNT solution with N2 gas on the PS patterned 
substrate.  The sacrificial PS layers were rinsed away with toluene, leaving only the 
patterned array of the carbon nanotubes strongly attached to the LbL multilayer.  On the 
other hand, this removal exposed intact PAH-covered surface areas.  On top of this 
patterned surface, additional polyelectrolyte multilayers were deposited by spin-assisted 
bL.  By dissolving sacrificial supporting CA layer in acetone, we transferred the 
pattern
.3. Results and Discussion 
n of the freely suspended carbon nanotube arrays by 
prepari
L
ed nanomembranes on either a TEM grid or a copper substrate with a 150µm 
opening.  The overall microstructure is described by a general formula 
(PAH/PSS)9PAH/CNT/(PAH/PSS)9PAH.  For confocal Raman characterization, the 
membranes were transferred on a glass surface.  The bulging test of the freely suspended 
nanomembranes was conducted according to the procedure described elsewhere.12  Raman 
mapping and spectroscopy of the nanomembranes were conducted with a custom 
designed confocal Raman instrument based on Aurora-III near-field scanning optical 
microscope (DI).27  A Nd:YAG laser (532 nm wavelength) was used as the light source. 
 
6
We began the fabricatio
ng LbL multilayer films on top of sacrificial layer by using spin-assisted LbL 
(Figure 6.1a).  The thickness of such nanocomposite films with a formula 
(PAH/PSS)9/PAH/CNT/PAH(PAH/PSS)9PAH, was about 43 nm.  The patterned 
nanotube array sandwiched between two LbL multilayers was transferred onto an 
opening in a copper substrate according to usual routine showed continuous parallel 
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stripes with spacing 10 microns (pre-determined by a stamp spacing) extended over the 





Figure 6.1. a) Schematic illustration of the fabrication procedure of the freely suspended 
carbon nanotube arrays: 1) the microcontact printing of PS onto polyelectrolyte 
multilayers;  2) Deposition of carbon nanotubes on the patterned substrates; 3) Removing 
PS layers; 4) Formation of topmost polyelectrolyte multilayers by LbL assembly; 5) 
Releasing carbon nanotube arrays by rinsing away the supporting sacrificial film. b) 




Figure 6.2.  a) Optical and b) AFM images of Polystyrene micropatterns on top of PAH 
surface on a silicon substrate; c) and d) AFM images of patterned carbon nanotubes after 
removal of the PS template. 
 
Figure 6.2a shows optical image of the PS sacrificial micropattern on PAH-
amp to PAH surface was efficient and driven by differences in surface energies between 
50 (m 





1.5 µm a b 
5 nm 
terminated LbL surface on a silicon wafer, which demonstrates its high quality across a 
whole view area (~400 µm).  Actually, the patterned area was limited by physical 
dimension of PDMS stamp (3×3 mm2).  The efficient transfer of PS layers from PDMS 
st
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PDMS and PAH.25, 28   Figure 6.2b shows AFM topographical images of the PS 
micropattern with close to ideal, rounded, semi-cylindrical shape of PS layers with a 
width of 1.5 µm and a height of 150 nm.  This round shape is caused by the action of 
surface tension on transferred PS solution in the course of it evaporation.  
 
We deposited carbon nanotubes on the patterned substrate and removed PS layers 
with toluene (Figure 6.2c).  The quality of selective adsorption was high: we found 
almost no carbon nanotubes on the regions protected by PS layers (Figure 6.2d).  
Dissolving of the PS layer did not damage the polyelectrolyte multilayers.  The height of 
carbon nanotube layer was close to 5 nm, which indicates a monolayer of carbon 
nanotube bundles (bundle diameter measured independently was within 3-5 nm).  The 
surface density of nanotubes was estimated to be 18 tubes/µm2 and can be controlled by 
solution concentration.  These observations indicate that the interactions between PS 
sacrificial layers and PAH surface are strong enough to sustain solution processing for 
nanotube deposition and weak enough to be easily removed with a good solvent, which 
are key elements for successful patterning and transfer.  
ontrast caused by strong resonance Raman scattering from carbon nanotube areas.  
Figure 
 
Confocal Raman mapping of the patterned films demonstrated excellent optical 
c
6.3a shows the surface distribution of the Raman G-mode obtained by integrating 
intensity at 1590cm−1 (a main resonance peak for carbon nanotubes).29, ,30 31  Raman 
mapping shows clearly recognizable parallel lines separated by narrower dark stripes 




the LbL membrane.  Figure 6.3b shows representative Raman spectra on two different 
areas with (position 1, p1) and without (position 2, p2) carbon nanotubes (Figure 6.3a).  
500 1000 1500 2000 2500 3000
 a) Raman mapping of the LbL membrane with embedded carbon nanotube 
array; b) Raman spectra of two different locations (with and without carbon nanotubes) in 
Figure 6.3a. 
 





















Raman spectra at position 2 showed no signs of known Raman features of carbon 
nanotubes with several weak features originated from PSS/PAH matrix.32  In contrast, 
Raman spectra at position 1 displayed all typical spectral features of carbon nanotubes 
including D, G, and G′-modes with peak frequencies close to that of well-known peaks 
for as-obtained carbon nanotubes.29  This result indicates that neither oxidation process nor 
deposition routine affected significantly microstructure of carbon nanotubes encapsulated 
into LbL membranes.  High optical contrast caused by the alternating layers into LbL 
membrane creates an efficient Raman grating with the variation of G-band intensity of 
1:1000 and higher. 
 
 
Figure 6.4. a) An interference pattern of the deflected freely suspended carbon nanotube 
array under bulging test; b) Deflection of freely suspended membranes with different 
content of carbon nanotubes determined from the bulging experiments. 
 
As known, embedding carbon nanotubes into LbL free-standing films enhances 
he effect of the carbon nanotube encapsulation on the elastic properties of 



























is result confirms that the filler toughening mechanism is effectively 
nhances the elastic properties of the patterned nanomembranes similarly to that 
d ogeneous LbL films.7  The observed elastic moduli were close 
to the composite elastic moduli predicted by the Takayanagi model assuming the elastic 
modulus of carbon nanotubes of 1 TPa and the isostrain condition for two phases (Table 
6.1).33
 
ese results suggest that the patterned geometry does not prevent the toughening 
of membrane elastic properties via encapsulation of nanoparticulate material.  On the 
roperties.  This microfabrication routine proposed can be extended to the assembly of 
r of freely suspended membranes by using interferometry.12  Figure 6.4a shows an 
example of interference pattern arising from membrane deflection under air pressure.  By 
analyzing the interference pattern we calculated the deflection vs. applied pressure 
(Figure 6.4b).  The deflection of the patterned membranes containing carbon nanotubes 
(9CNT*9) was much smaller than that for purely polymeric membranes (9_9) (Figure 
6.4b).  This difference indicates increasing bending stiffness and higher elastic modulus.  
Indeed, the analysis of the deflection vs. pressure according to the theory of the 
membrane elasticity,12 showed the elastic modulus of the freely suspended films with 
nanotube array within 6-9 GPa, which is much higher than that for purely polymer 
membranes (Table 6.1).  The elastic modulus measured here for films containing a single 
layer of carbon nanotubes is very high as compared to regular polymer composites with 
similar matrices.33  Th
e
emonstrated for thick hom
Th
other hand, this result implies that we can fabricate freely suspended carbon nanotube 






                                                
uspended arrays of a variety of other nanomaterials, nanoparticles, and biological 
materials.  These carbon nanotube arrays encapsulated into freely suspended films are 
expected to show anisotropic mechanical and electrical properties, which can be explored 
for potential applications for directional sensing and anisotropic electrical conducting.34  
These anisotropic properties are currently under investigation. 
 
Table 6.1. Mechanical properties of freely suspended carbon nanotube membranes 
a (PAH/PSS)9/PAH/CNT/PAH(PAH/PSS)9PAH with patterned carbon nanotube arrays 
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Chapter 7. Capillary Transfer Lithography for Patterned CNT 
 
7
Functionalized organic and polymeric thin films containing conducting, sensitive, 
opt d luminescent nanomaterials are of great importance in many 
effe
5,6
var s colloids, 7 , 8  biomaterials 9 , inorganic 
na
controlled assem ensional (2D/3D) organized arrays within these 
multilayered structures is critical. 
 
Microscopic patterning of different functional materials on polyelectrolyte films 
with high lateral resolution has been recently demonstrated by using chemical 
composition variation imposed by polymer-on-polymer stamping technique. 15 , 16   
Subsequent selective attachment of functional materials on these patterned surfaces using 
electrostatic and other intermolecular interactions has been obtained.  This way, a variety 
of complex patterns from various materials such as colloids,17,18 biological materials,19,20 




emerging applications in sensors, photonics, and electronics.1, , ,2 3 4  Layer-by-layer (LbL) 
assembly, which is based on electrostatic assembly of oppositely charged species, is 
ctive and versatile approach to the creation of ultrathin organic multilayered films 
with well-defined internal structure.   This technique has been extended to incorporate a 
iety of functional materials such a
noparticles,10,11 13 quantum dots,12,  and carbon nanotubes14 into LbL films.  For the 
successful applications of these functionalized films in microelectronic devices, the 
bly of two- and three-dim
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However, strict control over the LbL surface morphology and pH or ionic strength of 
solution is required to achieve high selectivity over large areas which can be a challenge 
for some materials.  In addition, the pattern contrast in these cases is limited by the 
selectivity of site-specific deposition, which can be masked by strong nonspecific 
ical contrast. 
6
esigned micropatterned arrays of carbon nanotubes or 




attractions for systems with weak chem
 
Controlling the selectivity in the surface assembly by tuning the chemical affinity 
of the patterned surfaces and solution conditions is even harder for materials with low 
surface charge density and for materials with strong non-specific interactions.  One 
example is the oxidized carbon nanotubes which show modest-to-weak deposition 
selectivity for chemical patterns of self-assembled monolayers 23 , 24  as well as for 
positively charged poly(allylamine hydrochloride) (PAH) and negatively charged 
poly(sodium 4-styrenesulfonate) (PSS), classical polyelectrolytes for LbL technology.  
This weak selectivity is possibly due to strong van der Waals attraction combined with 
weak specific chemical interactions of few chemical groups available.  Therefore, the 
reliable fabrication of precisely d
o
 surface composition 25 represents a great challenge.  To overcome this challenge, 
a number of alternative methods have been recently suggested.  For example, patterned 
LbL multilayers26 or amphiphilic molecules27 have been prepared by depositing t 
materials on a poly(dimethylsiloxane) (PDMS) stamp and then transferring them to LbL 
multilayers.  Direct application of photolithography to LbL films has been recently 
suggested.28  Selective build-up of 3D structures of multiple quantum dots has be  
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reported by modification of quantum dot surface coatings and choosing a proper 
assembly partner.29  Although these approaches have shown high pattern contrast and 
good lateral resolution, there were some limitations for achieving high surface density of 
functional materials because of low reactivity of PDMS surface.  On the other hand, the 
fabrication of well-defined 3D structures was limited by confined space between 
substrate and protruding areas of a stamp.  
 
Utilizing polymer pattern as a sacrificial template or mask for subsequent 
assembly is widely used in microelectronic technology (photoresists for lift-off process). 
30  Similar approach can be exploited to increase selectivity and contrast of patterned 
arrays avoiding non-specific adsorption on the protected surface areas.  In fact, polymer 
nano- and microstructures have proven to be very successful in patterned etching of solid 
substrates or in selective deposition of functional materials. 31 ,32,33  Soft-lithography, 
which uses PDMS elastomer as a stamp or a mold, has been an efficient technique to 
prepare 2D and 3D polymer nano- or microstructures on various solid surfaces including 
silicon, glass, and metal substrates.32, , ,33 34 35  For example, nanoscale patterns of 2D 
polymer has been prepared by microcontact printing and used as a scaffold for the 
deposition of gold nanoparticles.36  Moreover, well-defined 3D polymer microstructures 
have been fabricated by using various molding methods including imprint 
lithography, 37 , 38 41 microtransfer molding, 39  micromolding in capillaries, 40 ,  solvent-
assisted micromolding, 42  and capillary force lithography. 43   In these processes, an 
elastomeric master is usually pressed into a compliant polymer film which has been 
softened by heat or solvent, enabling the polymer to fill the recessed areas of the master 
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by capillary forces.  In most cases, additional dry etching process is needed to remove a 
residual film of the polymer remainings in the compressed areas.  Exceptions were found 
when the residual film was thin and the interaction between the polymer and substrate 
was very weak.43,44
45
  As was discussed for capillary force lithography, the microcontact 
printing uses the protruding region of PDMS stamp to transfer thin polymer layer onto 
target substrate.   In this method, lateral spacing is determined by original stamp 
imension, but the control of the vertical dimension and a 3D shape are limited by de-
wetting 
d
behavior of polymer solution confined between the stamp and the substrate. 
 
There are several issues to be addressed in order to use polymer microstructures 
as a sacrificial template for subsequent assembly of weakly-interacting functional 
materials on the surface of polyelectrolyte multilayers.  First, the process of patterning 
should be compatible with the polyelectrolyte multilayer surface composition.  Heat 
treatment or etching process may affect some polyelectrolytes.  Second, the polymer 
pattern should form “open” microstructure exposing surface chemicals of the underlying 
substrate for the subsequent adsorption.  Third, the sacrificial polymer pattern should be 
easily removed without affecting the underlying substrate after being used as mask.  For 
this purpose, the interaction between polymer protective layer deposited and the 
polyelectrolyte surface should be weak with secondary interactions such as van der Waals 
attraction.  Finally, the fidelity and the edge sharpness of 3D polymer microstructures 
should be high enough for 2D or 3D assembly of functional materials with a submicron 
resolution.   
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Finally, although the microcontact printing has been widely used for the 
patterning polymer structures on the surface of LbL multilayers as we discussed above, it 
is usually limited in the formation of well-defined open 3D polymer microstructures.  The 
high-resolution patterning with the open possibility for the fabrication of the 
encapsulated arrays by conformal coverage of these arrays with a topmost LbL 
multilayer is rarely demonstrated. 
 
Here, we demonstrate the extensive capabilities of polymer sacrificial templates 
for the encapsulation of organized arrays from both carbon nanotubes and gold 
nanopar
eposition of nanoparticulate materials, and their encapsulation are outlined 
schematically in Figure 7.1.  LbL multilayers were prepared on silicon substrate by the 
ticles within polyelectrolyte multilayers by introducing novel polymer patterning 
technique for the sake of well-defined, high resolution 3D patterning.  We suggest a 
variant of soft-lithography technique, termed capillary transfer lithography (CTL), which 
is based on capillary filling approach and transfer molding for the creation of 3D polymer 
open-structures onto polyelectrolyte LbL multilayers.  We employed the easy creation of 
transferable polymer microstructures inside the recessed regions of the PDMS mold.  
Finally, we demonstrated the ability of CTL approach for the creation of sacrificial 3D 
polymer microstructures onto LbL surfaces and the fabrication of the well-defined 2D 
arrays encapsulated into LbL films. 
 
7.2. Sample Preparations 




spin-assisted LbL (SA-LbL) method which is described in detail elsewhere.   For LbL 
deposition, PAH (0.2wt %) and PSS (0.2wt
4,46
 %) aqueous solutions were prepared.  
icial polystyrene (PS) micropatterns on top of LbL multilayers (PAH as a top layer) 
graphy (Figure 7.1).  For this process, 
PDMS substrate was soaked in toluene for 1−2 min before a thin PS film was prepared on 
a PDMS substrate by spin-coating of PS ink (Mw=200,000, 2% in toluene) at 3000 rpm 
for 20 s.  A PDMS mold with the appropriate pattern was then brought in the conformal 
contact with the PS film on the PDMS substrate and pressed for 1 min.  When PDMS 
Sacrif














subsequent assembly of encapsulated nanoparticular arrays: 1) The PDMS mol
(6) 
Figure 7.1. Schematic of patterning process by capillary transfer lithography and the 
d 
multilayer and transferring the polymer pattern. 4) Selective deposition of nanoparticula
contacting spin-coated polymer film. 2) Release the PDMS mold. 3) Contacting the LbL 
r 
with solvent. 6) Encapsulation of the nanoparticle array by the assembly of topmost LbL
arrays on unprotected surface areas. 5) Removal of sacrificial polymer pattern by rinsing 
film. 
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mold was detached fro te, the patterned polym
inside the recessed regions of the PDMS mold.  The polymer pattern formed this way was 
then immediately transferred o face by the conform ontact of the PDMS 
mold with t ilm for 1 min.   
 
For gold nanoparticle adsorption, a few drops of gold nanoparticle solution were 
evenly placed onto the patterned substrate and stored for 30 min at ambient laboratory 
conditions.  The substrate was then washed with Nanopure water several times and dried 
with nitrogen gas.  For CNT adsorption, a few drops of CNT solution were evenly 
distributed onto the patterned substrates and blow-dried with N2 gas.  This step was 
repeated for several times to increase the surface density of CNTs.  After adsorption of 
gold nanoparticles or CNTs, the sacrificial PS template pattern was gently rinsed away 
nanoparticular arrays into LbL multilayers by continuing SA-LbL deposition of the LbL 
m the PDMS substra er layer was trapped 
nto LbL sur al c
he LbL f
with toluene, leaving only the patterned array of gold nanoparticles or CNTs strongly 
attached to the PAH-terminated areas of LbL multilayers.  The removal of PS templates 
exposed intact PAH-terminated surface areas, which was further used for encapsulating 
film starting from PSS.  The resulting topmost film conformably covered the complete 
specimen (Figure 7.1). 
 
7.3. Results and Discussion 
7.3.1. Polymer Pattern Formation 
Figure 7.2 shows topographical images of the PS micropattern obtained onto LbL 
film by this microcontact printing.  The line spacing was 10 µm (Figure 7.2a) and the line 
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width was 1.5 µm (Figure 7.2b), which all are close to original stamp dimensions.  Figure 
7.2c, d show 3D PS microstructure with close to ideal, rounded, semi-cylindrical 
 
shape of PS layers with a width of 1.5 µm and a height of 150 nm.  The sharp boundaries 
cropattern prepared by microcontact printing on top oFigure 7.2. AFM images of PS mi f 
PAH-terminated LbL film on a silicon substrate: a,b) topographical images and 
corresponding cross-sections at different scales c, d) 3D AFM images. 
150 nm 
ba 




between protected and unprotected areas typically have a width of 50 nm and less (Figure 
7.2b).  This round shape is caused by the action of surface tension on transferred PS 
 
solution in the course of its evaporation.   
 
ss-sections for PS 
micropatterns prepared by capillary transfer lithography with two different PDMS molds 
on PAH-terminated LbL film. 
 













PS microstructures prepared by CTL method are slightly different from that 
prepared by conventional microcontact printing reflecting different physical processes 
occurring.  Figure 7.3a shows optical image of the PS micropattern formed by CTL 
rinting onto the PAH-terminated LbL multilayer surface, which demonstrates its high 
quality and sharp edges.  AFM image (Figure 7.3b) illustrates well-defined 3D PS 
microstructure with 2.5 µm spacing and 850 nm height, which is a replica of the PDMS 
mold.  A meniscus edge on the top of polymer features was caused by incomplete filling 
the recessed regions of the mold.43  Recently, this kind of the meniscus edge has been used 
to generate PDMS stamp for high-resolution soft-lithography.47   
 
CTL printing was ccessful in preparing 3D PS microstructures with 
smaller lateral dimensions.  As can be seen in Figure 7.3c, smaller PS micropattern 
showed uniform parallel stripes with 1.5 µm width and perfect spacing.  AFM image 
(Figure 7.3d) clearly revealed the well-defined 3D structure of parallel lines with 700 nm 
height and 3 µm spacing (1.5 µm separation between polymer areas) with the width of 
the polymer-substrate transition zone below 50 nm.  We observed no meniscus edges, 
which indicates that the soften polymer completely fills the recessed region of the mold.  
From these observations, we concluded that the softened poly e the recessed 
regions of mold can be effectively trapped by the PDMS mold and completely transferred 





in surface energies between PDMS and PAH.
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The basic principle of CTL printing, which uses capillary filling of polymers 
softened by solvent, is similar to capillary force lithography or solvent-assisted 
micromolding introduced recently.42,43  First, as illustrated in Figure 7.4, the solvent can 
be constantly re-supplied from the pre-soaked PDMS substrate to the polymer layer and 
soften the polymer.  The resulting polymer solution fills the recessed region of PDMS 
mold by capillary filling.  Second, the low surface energy of the PDMS substrate 
decreases the interaction with polymer enabling the formation of polymer open-structure.  
Softened polymer film between two PDMS surfaces is repelled with no residual polymer 
film found between the PDMS mold and substrate (Figure 7.4).   
 
 
Figure 7.4. Schematic of interactions between PDMS mold, polymer layer, and PDMS 









7.3.2. Formation of Open Nanoparticulate A
Next, we used these patterned polymer microstructures as sacrificial templates for 
the formation of carbon nanotube and gold nanoparticle arrays located on the surface of 
LbL films.  After the selective deposition of these nanomaterials on the protected LbL 
surfaces, the PS micropattern was easily removed by rinsing with toluene, a good solvent 
for PS, leaving only the patterned array of carbon nanotubes or gold nanoparticles 
strongly attached to the LbL multilayers alternating with intact surface areas of LbL film 
(Figures 7.5−8).   
 
Figure 7.5 shows the patterned arrays of carbon nanotubes and gold nanoparticles 
fabricated by using 10 µm PS micropatterns.  Apparently that dissolving the PS pattern 
did not damage the polyelectrolyte multilayers, because the thickness o er did 
he employment of the PDMS substrate in molding process makes our process 
versatile.  The use of PDMS in our CTL process has several advantages for preparing 3D 
polymer microstructures due to its low surface energy, elasticity, and solvent swelling 
properties.49,50  The elasticity and low surface energy of PDMS also enables the efficient 
transfer of this polymer microstructure to other substrates with higher surface energy.  
When this mold is immediately placed on the LbL film and pressed, the polymer inside 
the negative structure is transferred to the polyelectrolyte surface, resulting in 3D 
patterned polymer microstructure with sharp boundaries which is complementary to 
PDMS pattern. 
rrays   
f multilay
not change and the surface morphology appeared unchanged.  The boundaries between 
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areas r
d here.   
 
Figure 7.5. AFM topographical images at different scales and corresponding cross-
deposited on LbL film. 
emained sharp as well (about 50 nm) (Figure 7.5).  The height of gold 
nanoparticles of 13 nm indicated a monolayer of gold nanoparticles.  The height of 
carbon nanotube layer was around 5 nm, which indicates a monolayer of carbon nanotube 
bundles.24  We were able to achieve high quality patterns complementary to PS patterns 
with good uniformity over the entire surface area.  These observations indicate that the 
interaction between PS sacrificial structures and the PAH surface was strong enough to 
sustain solution treatment in deposition step but weak enough to allow easily dissolving 
with a good solvent.  This balance is a critical element for successful patterning and 
transfer suggeste
a b
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Figure 7.6. Optical (a) and AFM topographical (b) images at different scales and 
corresponding cross-sections of chess-board PS micropattern prepared by capillary 
transfer lithography on LbL film. 
 
We obtained similar results for different spacings and more complex shapes of 
PDMS molds.  We prepared PS micropatterns using PDMS mold containing the chess-
board pattern with 430 nm distance from r to corner and 1 µm distance from side to 
side of square surface areas (Figure 7.6).  The optical image in Figure 7.6a shows a very 
uniform PS micropattern complementary to the PDMS mold over large surface areas.  
AFM image in Figure 7.6b illustrates that the spacings in PDMS mold has been 
successfully replicated by the PS micropattern.  This kind of well-defined 3D polymer 
microstructure with sharp boundaries was not easily achievable by using conventional 
microcontact printing on the LbL surfaces.  The subsequent formation of gold 
nanoparticle arrays on these surfaces clearly showed that the original chess-board pattern 
 corne
has been replicated with good accuracy (Figure 7.7).  Importantly, the edge sharpness 
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remained high (below 50 nm), and the regular and alternating rectangular shapes were 
fa fully transferred from the origi l features of the PDMS mold.  
 
Figure 7.7.  Topographical images at different scales (a-c) and corresponding cross-
 
Another application in which CTL printing has proven useful was the preparation 
of hierarchical multi-component arrays by multistep CTL printing (Figure 7.8).  The PS 
sacrificial template allowed for the sequential formation of two different microarrays on 
the intact surface areas of LbL film.  We sequentially applied two different PDMS molds 
for the formation of the gold nanoparticle stripe pattern with 3 µm spacing as a first layer 
perpendicularly to the gold nanoparticle stripes (Figure 7.8c).  Figure 7.8c shows AFM 
ith na
 
section for the chess-board array of gold nanoparticles (d). 









image of a large area of well-defined crossed stripes with each wide stripe containing 
gold nanoparticles and each perpendicular thinner and less visible stripe containing 
carbon nanotubes (Figure 7.8d).  This demonstrates that the PS protected LbL surface 
areas were intact after removal of PS and can be further modified.  We observed that no 
carbon nanotubes appeared on the surface of gold nanoparticle areas whereas they are 







5 (m 1 (m
1 (m
Figure 7.8.  Topographical images of patterned gold nanoparticle array before (a, b) and 
after (c, d) sequential deposition of orthogonal carbon nanotube array (weaker stripes 
with larger spacing oriented perpendicularly to initial stripes). 
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7.3.3. Formation of Encapsulated Patterned Arrays  
The intact polyelectrolyte surface, which was originally covered by the sacrificial 
PS template was further used for encapsulating nanoparticulate arrays into LbL 
multilayers as shown in Figure 7.9.  To demonstrate the feasibility of this approach for 
the encapsulation of the nanoparticle arrays into LbL multilayers, we further deposited 9 
bilayers of PAH/PSS on top of the patterned arrays formed by both gold nanoparticles 
nd carbon nanotubes (see Figure 7.5 for their surface morphology).   
 
 
Figure 7.9.  Topographical images at different scales (a, b) and corresponding cross-
Figure 7.9 shows AFM topographical images of gold nanoparticle arrays 
encapsulated between two LbL multilayers.  Well-defined stripes of the encapsulated 
a
a b
5 (m 1 (m 
6 nm 
section of the gold nanoparticle array encapsulated into LbL film. 
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gold nanoparticles are clearly visible on a large scale even after coverage with relatively 
thick L
ce coverage below 
50%).  This filling resulted in effective reduction of the apparent elevation of the gold 





bL multilayers (19 nm).  High contrast is similar to that observed for open array 
(Figure 7.5).  However, the high-resolution AFM image shows relatively densely filled 
surface areas along the stripes and fuzzy boundaries, a significant difference from the 
initial gold nanoparticle array (Figure 7.9).  Cross-section of these areas shows modest 
peak-to-value height variation indicating deposition of the topmost LbL film in a 
conformal manner by filling open space between nanoparticles (surfa
5 (m 1 (m 
3 nm 
a b
 Topographical images at different scales (a, b) and corresponding cross-
of the carbon nanotube array encapsulated into LbL film. 
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Uniform coverage with the topmost LbL multilayer was achieved for carbon 
nanotube arrays as well.  At medium resolution, we still easily observed parallel stripes of 
carbon nanotube arrays (Figure 7.10).  However, at higher resolution, the original surface 
morphology of carbon nanotube arrays (Figure 7.5d) appeared smeared due to the 
coverage with the topmost LbL multilayered film (Figure 7.10).  Details of carbon 
nanotube bundle packing within these areas became poorly visible.  AFM cross-section 
showed the decrease of the height differences from initial 5−6 nm to 2-3 nm (Figure 7.10). 
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Chapter 8. Gold Nanoparticle-Decorated Nanocanal Arrays for 
l and biological 
g (SERS) phenomenon 
t” 
sis.1  In 
on the localized spots 
ds 
associated with the surface plasmon resonances of metal nanostructures.2,3,4  SERS on 
colloidal metal aggregates  and resonance Raman have been utilized for trace detection 
of explosives,  chemical and biological warfare agents,  internal mechanical stresses 
13  However, an outstanding challenge of 
 roughened metal 
14 15 16,17,18  19,20 periodic arrays 
of metal nanostructures,21,22,23 and self-assembled metal nanoparticles,24,25 are employed 
as SERS-active substrates.  However, the stability of suspended metal nanoparticles is the 
main obstacle and the sensitivity of two-dimensional (2D) metal structures remains 
modest due to a limited number of hot spots available within laser-activated footprint.   
 
Surface Enhanced Raman Scattering 
 
8.1. Introduction 
Robust and reliable chemical sensing materials with improved sensitivity and 
selectivity are in high demand for the detection of hazardous chemica
materials.  Sensors based upon surface-enhanced Raman scatterin
are considered as prospective tools because of fast detection, characteristic “fingerprin
signature of analytes along with the availability of portable systems for field analy
SERS phenomenon, the enormous Raman enhancement arises 
(“hot spots”) in metallic nanostructures due to the strong local electromagnetic fiel
5,6
7,8 9
10 ,11 ,12 and toxic environmental pollutants.
SERS-based detection is the lack of robust and facile fabrication routine for SERS 
substrates with huge enhancement.  Traditionally, electrochemically
surfaces,  metal colloids,  metal island films , metal nanowires,
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Thus, 3D porous structures have been suggested as active SERS substrates with 
the advantage of large surface area available for the formation of hot spots and the 
adsorption of target analyte.  Consequently, SERS substrates have been fabricated by 
depositing Au or Ag films on porous silicon,26,27 GaN,28 and filter paper.29  Alternatively, 





deposition of metal nanoparticles 
es31,32 , or 1D microwires33  have been exploited.  However, most of these studies 
have not been fully utilized the 3D structures for SERS effects mainly because of limited 
light propagation through the porous materials.  For example, the extraordinary light 
transmission of metallic porous arrays can be used for further enhancement of light 
interaction with hot spots and thus SERS spectra.34  Indeed, the nanopores in gold films 
have been proven to show enhanced Raman scattering due to intense electromagnetic 
fields generated by the surface plasmons.35,36  The use of dielectric materials such as 
porous alumina membranes will be also interesting with respect to efficient light 
interaction with SERS m dia because of  the optical transparency and waveguide 
properties.37,38
Here, we introduce nanocanal array decorated with metal nanoparticles as robust 
and facile SERS substrate with high Raman intensity.  These substrates are successfully 
employed here for the trace detection of -dinitrotoluene (2,4 NT), a model 
nitroaromatic compound for trinitrotoluene-based explosives. 39   Figure 8.1 shows a 
schematic of fabrication procedures for nanocanal array decorated with gold 




Figure 8.1. Schematic of fabrication procedures for nano-hole arrays decorated with gold 
nanoparticles.  Porous alumina membranes are functionalized with positively charged 
amine-groups by modification with PDDA. CTAB-capped gold colloids are then passed 
through the PD
immobiliza i
DA-modified porous alumina membranes resulting in Au nanoparticle 
t on. 
8.2. Sa
 rpm, 30 sec) of 0.2% 
queous solution followed by rinsing with Nanopure water (18 MΩ cm).  The excess 
amounts of CTAB surfactant in the Au colloid solution was removed by repeated 
 
mple Preparations 
Porous alumina membranes were purchased from Whatman (Anodisc 47) and the 
average pore size was 243±20 nm (measured from SEM images) with 60 µm thickness.  
The immobilization of Au nanoparticles on porous alumina membranes was done by 
modified literature procedure.40,41  Typically, inner surface of porous membranes were 
modified with PDDA (Mw=60,000, Aldrich) by spin-coating (4000
a
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centrifugation and multi-step dilution.  The immobilization of Au nanoparticles was done 
by the filtration of this solution through PDDA-modified membrane on top of 
polycarbonate membrane filters (0.4 µm pore diameter) followed by filtration of copious 
amount of Nanopure water to rinse surfactant away.  To increase the adsorption of DNT 
on the Au surface, additional PDDA was used to cover gold nanoparticles.  Finally the 
prepared samples were then attached on the silicon substrates by using epoxy glue and 10 
µl of 2,4-dinitrotoluene (2,4-DNT, Aldrich) solution in ethanol was drop-evaporated on 
SERS substrate with area of 1 cm2. 
 
A field-emission scanning electron microscopy (FESEM, LEO 1530) was used to 
investigate the assembled structures of decorated membranes.  The Raman spectra of 
DNT on SERS substrates were recorded with a Holoprobe Raman microscope (Hololab 
is 20 mW to the sample.  The collection time is 20 sec with no 
accumulation and three points were averaged for each sample. 
8.3. R
series 5000 spectrometer, Kaiser Optical Systems, Inc) with back-scattered configuration 
using a 10× objective lens.  The excitation laser is diode laser with 785 nm wavelength 
and the power 
 
esults and Discussion 
The representative cross-sectional scanning electron microscope (SEM) image of 
decorated nanocanals (240 nm diameter) within porous alumina membranes shows that 
most of the gold nanoparticles (32 nm) are immobilized in an isolated state with 
occasional aggregated clusters inside the pore walls modified with 
poly(diallyldimethylammonium chloride) (PDDA) polyelectrolyte (Figure 8.2a).  The 
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immobilized nanoparticles inside the pores can be also observed from the SEM image 
obtained with tilt angle (Figure 8.2b).  The energy dispersive spectroscopy (EDS) 
confirmed the presence of gold nanoparticles immobilized inside the through nanocanals 
(Figure 8.2a).  Few nanoparticles have been observed on the outer surface of nano-hole 
arrays as compared to the nanoparticle immobilization inside the pore walls.  
Immobilization inside the PDDA-modified pores can be related to partial replacement of 
the cetyltrimethylammonium bromide (CTAB) ligands with amine functional groups of 
PDDA layer (see Figure 8.1 for chemical structures). 
 
Figure 8.2. Cross-sectional (a) and angle-view (b) SEM images of porous alumina 
membranes decorated with Au nanoparticles.  The inset in (a) shows EDS spectrum 








Figure 8.3.  (a) Chemical structure of 2,4-DNT.  (b) Schematic of Raman measurement 
of 2,4-DNT with different configurations and light incidences to the SERS substrates.  
The excitation light incidence is parallel (1,2,3) and perpendicular (4) to the pore axes. 
(c) Raman spectrum of 1000 ppm 2,4-DNT on each substrate shown schematically in (b). 
10 µl of 2,4-DNT solution in ethanol was drop-evaporated on the 1 cm2 area substrates. 
 
PDDA polyelectrolyte used here can act as a selective coating to increase the 
adsorption of DNT on the gold nanoparticle surface due to the interactions between the 
electron-donating amine-groups in PDDA and electron-deficient NO2 groups in 2,4-
DNT.42  A control Raman experiment of 2,4- sorbed on PDDA-modified porous 
membrane (case 1, Figure 8.3b) provides no measurable signals (spectrum 1, Figure 8.3c).  






































In this study, we used a near-IR laser (785 nm) as the excitation source because its 
wavelength is close to the expected coupled surface 43plasmon resonance  and the higher 
transm n thro um membrane.  It is worth to note that our attem
use 514 nm wavelength showed extremely low intensity due to high absorption similarly 
to that reported in the literature.44   
 
A strong silicon peak at 520 cm–1 arises from the supporting silicon substrate 
indicating that the excitation light passes through whole thickness (60 µm) of the 
membrane and reflects back traveling via vertically aligned nanocanals (Figure 8.1c).  
Adding gold nanoparticles activates the SERS phenomenon for PDDA layer (case 2, 
Figure 8.3b), revealing their characteristic Raman signatures: C4N stretching modes 
(νC4N) at 783 cm–1 and CH3 asymmetric bending modes (ρCH3) at 1444 cm–1 (spectrum 2, 
Figure 8.3c).45   
 
Deposition of 2,4-DNT analyte via drop-casting routine (case 3, Figure 8.3b) 
dramatically changes the SERS spectra with two intense peaks corresponding to two
e initial diameter of nanocanals to be 240 
nm and the thickne
issio ugh the alumin pts to 
 
representative 2,4-DNT vibration modes: NO2 out-of-plane bending modes (ρNO2) at 834 
cm–1 and NO2 stretching modes (νNO2) at 1342 cm–1 (spectrum 3, Figure 8.3c).7  Moreover, 
silicon peak is still strong indicating reflection of the laser beam after passing through the 
modified nanocanals.  Indeed, considering th
ss of polyelectrolyte layer with immobilized nanoparticles on both 
walls does not exceed 70 nm, we can conclude that the light passes through vertical 
nanocanals without much absorption.  The critical importance of the ability of the laser 
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beam to pass whole membrane thickness is illustrated by the tremendous reduction of the 
Raman signal when the light is directed in transversal direction (case 4, Figure 8.3b).  
Only very weak νNO2 mode at 1342 cm–1 is observed under this orientation with silicon 
band disappearing completely (spectrum 4, Figure 8.3c).  Apparently, the optical loss 
across walls is tremendous and attenuates the laser beam to reduce the overall effect to a 
trivial case of active topmost layer with few transversal nanocanals involved. 
 
Figure 8.4. (a) Raman spectra of 100 ppb 2,4-DNT drop-evaporated on the SERS 






















 100 ppb on nanocanal SERS substrate







 Raman spectra of 10000 ppm 2,4-DNT on 2D gold nanoparticle substrate. (b) 
age of 2D gold nanoparticle substrate.   
 
Much higher Raman enhancement from vertically oriented nanocanals (case 3, 
Figure 8.3b) allows for trace level detection of DNT (Figure 8.4a).  The Raman spectrum 
of 100 ppb 2,4-DNT solution (10µl) evaporated on SERS substrate clearly shows NO2 
stretching modes of DNT at 1342 cm distinctive from several PDDA related Raman 
peaks such as νC4N at 783 cm–1 and ρCH3 at 1444 cm–1.  The minimum detection limit for 
our current measurement conditions (20 sec acquisition time, 20 mW laser power, 10 µl 
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of DNT solution drop-evaporated uniformly on 1cm2 substrates) estimated from signal-
to-noise ratio (S/N ratio of 15) for this spectrum can be as low as 10 fg which 
corresponds to 3x107 molecules located within nanocanals.  This detection limit is three 
orders of magnitude better than typical values of 1–10 pg of 2,4-DNT detectable with 
highly oriented silver nanowire films8 and roughened gold substrate.46   
 
The estimation of Raman enhancement factor (EF) has been conducted by using a 
re ence sample without SERS contribution: EF= ISERS/IRef×[reference]/[sample],47,48 
where ISERS and IRef are Raman intensities at certain Raman spectra and [SERS] and 
[reference] are the concentrations of tar ules in the SERS and reference samples, 
respectively.  By comparing the peak intensity at characteristic band at 1342 cm–1 with 
normal Raman peak of reference 2,4-DNT film of the known thickness, we estimate the 
SERS enhancement factor to be about 1.1×106.  This unexpectedly high SERS 
enhancement can not be caused by the trivial increase in specific surface area.  A control 
Raman study on 2D gold nanoparticle array with similar nanoparticle surface density has





been conducted to evaluate this contribution (Figure 8.4b).  The Raman spectrum of 
10000 ppm 2,4-DNT solution showed only weak and broad NO2 stretching modes of 
D
nhancement of the 3D nanocanal array is about five orders of magnitude higher 
than that observed on gold nanoparticle monolayer which is three orders of magnitude 
higher than that expected for increase in geometrical surface area.   
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The excessive Raman enhancement at first glance can be associated with the 
effect of resonance coupling between neighboring nanoparticles localized on inner walls 
of nanocanals (hot spots).  However, the estimation of the average distance between gold 
nanoparticles does not support this suggestion.  In fact, the value obtained is close to 100 
nm or distance/diameter ratio, d/D of about 3, well above the value (ratio of about 1.5D) 
suggested for maximum enhancement. 49, ,50 51  Thus, at given interparticulate distances, no 
traditio al hot spots are presented in the system. 
 
f nanoporous alumina 
membranes is advantageous compared to those microcavity systems due to large surface 
n
Thus considering the geometry of the nanocanals array and minor contributions 
from specific surface area and traditional hot spots, we suggest that the optical waveguide 
effect of vertical alumina-pore arrays with excited evanescent electrical field is 
responsible for the observed enhancement of Raman scattering.  As known, the 
propagating light can be trapped inside the alumina nanowalls with total internal 
reflection caused by high refractive index difference between alumina (n~1.6) and 
air/polymer monolayer (n = 1 and 1.5).  This multiple reflection can leads to higher 
photon density of states at the alumina-inner coating interface,52 resulting in increased 
probability of Raman scattering via interaction between the evanescent field and the gold 
nanoparticles tethered to the inner surface of nanocanals.  This Raman enhancement 
resembles optical microcavities with micrometer-sized cylindrical or spherical resonators. 
53 , 54  and nanoribbon waveguides with tethered nanoparticles. 55   In these systems, 
additional optical gains of more than two to five orders of magnitude have been acquired 
through microcavity resonances.  However, the waveguide effect o
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area an
w framework for the design of robust, 
eld-friendly, ultra-sensitive SERS-based sensors for the trace-level or even single 
molecu
d efficient guiding the incident and scattered light through inhibition of light 
propagation in the x-y plane.52  Moreover, we speculate that coupling of this phenomenon 
with traditional hot-spot design, the enhancement factor can be increased by several 
orders of magnitude and approach limits of robust facile detection of few molecules, a 
venue open only for few resonance-enhanced Raman detection under point-short 
detection conditions.5,6  The combination of high specific surface area with hot spots and 
optical wave-guiding properties will open a ne
fi
le detection of non-resonant chemicals and biomolecules.  
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Chapter 9. Gold Nanoparticle clusters inside the nanocanal 
arrays for trace level detection of DNT 
The surface-enhanced Raman scattering (SERS) has been one of prospective 
sensing tools for trace-level detection of explosives and hazardous chemicals since the 
demonstration of single molecule detection via SERS-based sensors.  However, these 
trace-level detections have been observed only on some random silver nanoparticle 
aggregates, which cannot be implemented on current sensing systems.  The current 
challenge for practical sensing devices is the fabrication of highly sensitive and large area 
SERS substrates.  We previously demonstrated in chapter 8 that the incorporation of gold 
nanoparticles into the 3D nanocanal arrays can provide SERS enhancement of four to 
five orders magnitude higher than observed for conventional 2D random nanoparticle 
films.  We suggested that the Raman scattering by gold nanoparticles distributed along 
nanocanals efficiently combines with the optical wave guiding, to give dramatic 
enhancement of Raman scattering.  Here, we report a simple and robust fabrication 
method of large area (5 centimeter), three-dimensional (3D) SERS substrates capable of 
detecting 100 zeptogram (~330 molecules) of 2,4-dinitrotoluene (DNT). Key to this 
performance was the combined effects of Raman-active spots of nanoparticle aggregates 
and the optical waveguide properties by depositing gold nanoparticle aggregates within 






The surface plasmons in the metallic nanostructures, which are collective 
excitations of free electrons in a metal resonating with incident light, have been known to 
enhance molecular spectroscopies such as IR absorption, fluorescence, and Raman 
scattering.  Especially, the enhancement of Raman scattering have been demonstrated to 
lyte attached on the interparticle gaps (e.g. “hot spots”) of metal 
nanopa
 with the size of laser beam, the 
pical values of enhancement factors drop to the value of 104-106.  Therefore, large 
be close to 1014 for ana
rticle aggregates, enabling single molecule detection by using surface-enhanced 
Raman scattering (SERS).3,4
5
  However, the typical surface-averaged SERS enhancement 
factor from 2D random metal nanostructures are about 104-106 far from trace level 
detection of analytes.  While the enhancement factor of 108-109 have been demonstrated 
theoretically and experimentally for close-packed 2D metal nanosphere arrays formed by 
self-assembly, the processes are not often easy to reproduce SERS-active substrates over 
large areas for practical purposes.  
 
The main mechanism of SERS effect is the signal enhancement by the strong 
local electromagnetic fields arising when the incident laser light is in resonance with the 
surface plasmons of metal nanostructures.  While isolated metal nanospheres have been 
shown to provide enhancement factors about 103–104 for gold and 106–107 for silver, 
aggregated nanoparticle clusters have been demonstrated to provide SERS enhancement 
factors of up to 12 orders of magnitude, enabling even a single molecule detection.3,6,  
These huge SERS effects are now known to appear due to very strong optical fields 
localized on the very small gaps (hot spots) between nanoparticles.  However, when the 




charged polyelectrolytes provide the controlled 
ggregation of positively charged nanoparticles inside the nanocanals without any pore 
blockin
enhancements from surface-averaged signal will be meaningful for practical 
applications of SERS sensors.  The rational approaches will be the increase of surface 
density of hot spots or interparticle gaps within the interrogated area in addition to the 
optimization of interparticle gaps for maximized surface-averaged SERS enhancements.  
However, the number of hot spots on the 2D planar substrates is limited by the maximum 
packing density of nanoparticles.  In this regard, 3D assembly of nanoparticle clusters 
present a novel way to fabricate SERS substrates overcoming the limitation of 2D 
assembly of nanoparticle clusters. 
 
We describe the design of extremely high SERS-active substrates by using three-
dimensional nano-canal arrays decorated with gold nanoparticle clusters.  The nanocanal 
surface coated with positively 
a
g.  Here, the combined effects of the SERS-active hot spots on the aggregated 
metal nanoparticle clusters, the selective polyelectrolyte coating for target analytes, and 
the efficient light interactions with the hot spots through the 3D geometry of nano-canal 
arrays, give rise to extremely high SERS effects.  We demonstrate the ability of this 
SERS substrate for trace level detection of nitroaromatic explosives by detecting down to 
100 zeptogram (~330 molecules) of DNT. 
 
9.2. Sample Preparations 
Porous alumina membranes (Anodisc 47, Whatman) were decorated with Au 
nanoparticles by filtration of Au nanoparticle solution on surface-modified porous 
 140
alumina membranes, as described in detail in previous chapter.   Here, we used PEI for 
surface modification and carefully tuned the concentration of CTAB to fabricate 
aggregated gold nanoparticles inside the pores instead of individual gold nanoparticles.  
Typically, inner surface of porous membranes were modified with polyethylenimine (PEI, 
Mw=55,000, Aldrich) by spin-coating (3000 rpm, 30 sec) of 0.2% PEI aqueous solution 
followed by rinsing with Nanopure water (18 MΩ cm).  The concentration of CTAB was 
tuned by removing excess amounts of CTAB surfactant in the Au colloid solution via 
repeated centrifugation and multi-step dilution.    
9.3. R
rication procedure for controlled assembly of 
uNP aggregates inside the nano-canal arrays.  The surface of porous alumina 
PEI, where the columbic repulsion between positively-
charged
 
esults and Discussion 
The methods for the aggregation of individual metal nanoparticles into clusters, 
induced by the addition of inorganic salts or organic binding agents, are well 
established.6,7  However, the assembly of nanoparticle clusters on the inner-walls of 
nanopores is a challenge because the relatively large and metastable nanoparticle clusters 
cannot easily go into the nanopores and attach on the inner surfaces.  In this study, we 
utilized electrostatic interactions between the charged gold nanoparticles and the 
chemically-modified surfaces of alumina membranes to put individual gold nanoparticles 
into the nanopores and simultaneously induce nanoparticle aggregations on the modified 
inner-surfaces.  Figure 9.1a shows the fab
A
membranes was modified with 
 PEI and gold nanoparticles prevents the attachment of gold nanoparticles on the 
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outer-surface of alumina membranes, which may cause the pore-blocking.  The amine 
groups in the PEI,  
Figure 9.1. (a) Schematic of fabrication procedures for nano-canal arrays decorated with 
aggregated gold nanoparticle clusters.  The surface of porous alumina membranes are
functionalized with positively charged amine-groups by modification with PEI and 
CTAB-capped gold colloids are then passed through the PEI-modified porous alumina 
membranes resulting in the formation of aggregated Au nanoparticle clusters inside the
pores. (b) Photograph of porous alumina membranes before (left) and after (right) the 
decoration of gold nanoparticles.  (c) Cross-sectional SEM image of nano-canal arrays 
decorated with AuNP clusters. (d) and (e) high-resolution SEM images of aggregated 





































alumina membranes by partial replacement with the CTAB ligands on the gold 
nanoparticle surface during the filtration of AuNP solution.  Figure 9.1b shows the 
graph image of porous alumina membranes before and after the incorporation of 
gold nanoparticles.  The advantage of our method is the fabrication of large area SERS 
substrates.  As can be seen in Figure 9.1b (right side image), the porous alumina 
membranes with 47 mm diameter can be easily decorated with gold nanoparticles,  
resulting in membrane color change from white to purple-blue.   
 
We found that the CTAB plays a major role in the aggregation of nanoparticles 
inside the nanocanals.  The cationic surfactant CTAB is known to form self-assembled 
bilayers on the AuNP surfaces and provide positively charges on the AuNPs, stabilizing 
nanoparticles by repulsive forces between nanoparticles. 8   However, when the 
concentration of CTAB is low, the CTAB molecules are known to link together the 
{100} facets of neighboring metal nanoparticles, assembling nanoparticles into linear 
chains or networked structures depending on the concentration of CTAB.9,10  We found in 
this study that the gold nanoparticles can be assembled into aggregated clusters on the 
inner-walls of nanocanals when we controlled the balance between the repulsive and 
locking.  The high-resolution SEM images (Figure 9.1d,e) indicates that aggregated 
photo
attractive forces by optimizing the concentration of CTAB within 1-10 µM.  The CTAB 
concentration over or below the optimum values only results in no-attachment of 
nanoparticles or attachment only on the outer surface of nanocanal arrays.  The cross-
sectional SEM image (Figure 9.1c) shows that most of AuNPs are assembled into 
aggregated clusters inside the pore walls without attachment on the outer-surface or pore 
b
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AuNPs are dimers, trimers, and larger clusters, which are considered to provide hot spots 
for strong SERS effects.  Figure 9.1f indicates that about 60-70% of nanoparticles 
aggregated into clusters and most of clusters are dimers and trimers. 
 
The hot spots of aggregated nanoparticles distributed all over the 3D nanocanal 
arrays can be efficiently combined with the optical waveguide effects of nanoporous 
alumina membranes providing highly-efficient SERS substrates.  The performance of 
anocanal arrays decorated with nanoparticle aggregates as SERS-active substrates was 
demons
n
trated by measuring the SERS spectra of 2,4-dinitrotoluene adsorbed on them.  
Fig 9.2a shows the Raman spectra of 2,4-DNT on nano-canal arrays decorated with 
AuNP clusters and on 2D nanoparticle films.  The SERS spectra of 2,4-DNT on our 
SERS chips is characterized by two strong bands due to vibration modes of -NO2 groups 
at 834 cm–1 for NO2 out-of-plane bending modes (ρNO2) and 1342 cm–1 for NO2 
stretching modes (νNO2).  On the other hand, the SERS spectra of DNT on 2D 
nanoparticle arrays can not be clearly dissolved.  The capability of this SERS substrate 
for trace-level detection of explosives is shown in Figure 9.2b.  The peak from NO2 
stretching modes of DNT at 1342 cm–1 can be clearly resolved with 100 ppt 2,4-DNT.  
With further decrease in the concentration of DNT, the peaks at 1342 cm–1 decrease and 
can not be clearly resolved below 100 ppq DNT.  From the signal-to-noise (S/N) ratio, 
we estimate the detection limit is 1 ppt DNT (S/N ratio is 3).  This 1 ppt detection limit 
corresponds to 100 zeptogram within the interrogated area, which is about 328 DNT 
molecules.  This value is well beyond the detection limit of DNT on conventional SERS 
substrates such as roughened metal electrodes or oriented silver nanowires arrays.  In 
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addition, the nanoparticle-decorated nanocanal arrays have advantages of simple and 
inexpensive fabrication over large-area and uniform SERS substrates for the detection of 
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Figure 9.2. man spectra of 2,4-DNT on nano-canal arrays decorated with AuNP 
clusters.  (a) A representative Raman spectra with 10000 ppm 2,4-DNT on our SERS 
chip and 2D nanoparticle films.  (b) Raman spectra of trace level 2,4-DNT indicating 
down to 1 ppt detection capability. 
 
We suggest here that the extraordinary high SERS-active properties of 
nanoparticle-decorated nanocanal arrays is associated with the combined effects of hot 
spots from nanoparticle aggregates and optical waveguide effects of anodic alumina 
membranes.  Previously, we have demonstrated that the optical waveguide effects of 
anodic alumina membranes can provide additional enhancement of Raman scattering of 
about five orders magnitude higher than that of conventional planar nanoparticles 
arrays.11  While previous study has focused on individually separated nanoparticle arrays 















































effects can be combined with hot spots of aggregated nanoparticle clusters, resulting in 
highly-active SERS substrates capable of detecting down to several molecules of DNT.  
 
 
Figure 9.3.  (a) The adsorption isotherm of DNT on nanocanal arrays decorated with 
gold nanoparticles.  The Frumkin isotherm model (equation 1) was used to fit the 
experimental data.  (b) Frumkin isotherm fitting of linear region of experimental data. 
 
NT concentration.  At higher DNT concentration, the increase in Raman intensity 
saturate
The variation of Raman intensity with the concentration of 2,4-DNT is shown in Fig 9.3.  
At low DNT concentrations, the Raman intensity at 1342 cm–1 increases linearly with 
D
s at ~ 0.004 M of DNT due to full occupation of adsorption sites by the DNT 
molecules.  This saturation concentration of analyte is much higher than typical 2D SERS 
substrates, providing much large dynamic range of analyte concentration. 
 
To determine the adsorption process of DNT on the 3D SERS chips, Frumkin 
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here θ is the fractional coverage of DNT on the SERS chip; I1343,max is the maximum 
SERS intensity at 1343 cm–1 when all the adsorption sites are occupied by the DNT 
molecules; c is the DNT solution concentration in M;  K is the adsorption constant of 
DNT on SERS chip; g is the Frumkin constant.  The g and K values can be extracted 
from the linear fitting by using equation 2 (Figure 9.3b).  The obtained g value is −1.95 
and K value is 1.21×104 M−1.   The sign of g value indicates the repulsive or attractive 
force between adsorbed molecules.  The negative g value in our system indicates 
repulsive force between adsorbed DNT.  The large value of K indicates the strong
ine 
 
nanoparticle-decorated nanocanal arrays are critical factor determining the sensitivity of 
nanocanals.  Figure 9.4a shows the SERS intensity at 1342 cm–1 for different SERS 
substrat
3 creases due to increase in the 
number of hot spots inside the nano-canal arrays.  However, further increase in AuNP 
ults in the decrea
w
 
interactions between the adsorbed DNT and the PEI modified gold nanoparticles.  This 
strong interaction can be associated with the interactions between the electron-rich am
groups in PEI and electron-deficient NO2 group in DNT. 
Because the light interactions with hot spots dispersed in 3D structure of 
SERS-acitve nanocanal arrays, it is worth to investigate the optical interactions of 3D 
nanocanal arrays with varying amount of gold nanoparticles loading inside the 
es with varying AuNP loadings on the nano-canal arrays.  As the AuNP loading 
increases from 8 to 32 µmol/cm , the SERS intensity also in
loadings res se in SERS intensity, which can be related to the decreased 
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light transmission through esence of gold nanoparticles, 
resulting in decreased interactions of light with those hot spots existing deep into the 
the nanopores due to the pr





















igure 9.4. Comparison of Raman intensities at 1342 cm-1 with different loadings of 
 
wavelength indicates increased coupling between nanoparticles with increasing the 
F
nanoparticles inside the nanocanal arrays. 
The change in light interaction with the 3D nanocanal arrays with the loading of 
gold nanoparticles can be clearly seen in the absorption and transmission of light in 
Figure 9.5.  The bare porous alumina membranes show no obvious absorption peak 
except a very weak and broad band at 600-800 nm.  When the gold nanoparticles are 
infiltrated into the membranes, a strong band at 530 nm and weak band at 600-800 nm 
appear.  The band at shorter-wavelength is ascribed to the surface plasmon resonance of 
single gold nanoparticles.  As the amount of gold nanoparticles inside the membranes 
increases, an increase in longer-wavelength band are evident.  This increase in longer-
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amount of 
nanoparticles.  However, the adsorption at shorter-wavelength becomes stronger than that 
of longer-wavelength when the AuNP loading is over 32 µmol/cm  and disappear at 
higher AuNP loadings (over 128 µmol/cm3).  This change in absorption in combination 











































































AuNP clusters with different AuNP loadings (a:0, b:8, c:16, d:32, e:64, f:128, g:256
loadings. 
 9.5. (a) Absorbance and (b) transmittance of nano-canal arrays decorated with 
µmol/cm3).  (c) Transmittance at 785 nm wavelength in Figure 4c with different AuNP.
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aggregates with SERS intensity decreased after a critical point with increasing the surface 
nm, the wavelength of excitation laser.  The transmission decreased exponentially with 
increasing the amount of gold nanoparticles inside the membranes.  Therefore, for 3D au-
coverage of nanoparticles. 12,13,14   This decrease in SERS intensity for 2D nanoparticle 
films has been explained by comparing the extinction maximum and the excitation 
wavelength.14nd the excitation wavelength.14  At initial stage, the SERS intensity increases 
with the increase of surface coverage of nanoparticles as long as the wavelength of 
plasmon resonance is shorter than excitation wavelength.  Then, the SERS intensity 
decreases with further deposition of nanoparticles when the extinction maximum is 
longer than the excitation wavelength. 
 
In addition to the change in adsorption peak, the change in transmission is also 
related to the change in SERS intensity.  The addition of gold nanoparticles into the 
alumina membranes causes the decrease in light transmission.  Figure 9.5b shows the 
transmission spectra of the porous alumina membranes with and without infiltration of 
gold nanoparticles.  The transmission of bare porous alumina membranes is relatively 
high (40-50%) in the near-IR range and decrease in the visible range due to the high 
gold nanoparticles.    In Figure 9.5c, we compared the transmission of SERS chips at 785 
PAM system, we suggest that the decreased transmission of excitation light with 
increasing the loading of nanoparticles is the main cause of the decrease in SERS 
intensity.    
scattering in the visible range.  Upon the incorporation of gold nanoparticles, the 
transmission of the Au-PAMs decreases mainly due to high adsorption of photons by the 
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Chapter 10. General Conclusions and Future Directions 
for the assembly of zero- and one-dimensional nanoscale building blocks and discovered 
n d nanostructures.  In this work, we 
dev egies to organize carbon nanotubes and gold 
mbly 
e 
found some novel electrical, mechanical, and optical properties from the assembled 
ice 
applications by designing flexible carbon nanotube nanomembranes as mechanical 
se stors, and gold 
nanoparticle arrays for S
 
In Chapter 3, we demonstrated the fabrication of patterned assembly of carbon 
nanotube arrays on the silicon surface by using solution-based techniques as the way for 
assembling carbon nanotube arrays. In the course of this work, we found that the 
patterned hydrophobic and hydrophilic SAMs can be used to control the selective 
assembly and patterned organization of CNT arrays.  For dip-coating process, we 
suggested that nanotubes are initially adsorbed during immersion, and then aligned 
during the drying process by combined hydrodynamic and capillary forces.  However, for 
the casting process, nanotubes adsorption and alignment arise at the same time, resulting 
 
The work presented in this dissertation has suggested novel fabrication methods 
ovel properties and phenomena from the assemble
eloped several assembly strat
nanoparticles into hierarchical nanostructured arrays via controlled bottom-up asse
onto various substrates containing chemical or physical templates.  In addition, we hav
nanostructued arrays of carbon nanotubes and gold nanoparticles.  We successfully 
demonstrated the prospective use of assembled nanostructure arrays for dev
nsors, highly-oriented carbon nanotubes arrays for thin-film transi
ERS chemical sensors. 
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in highly packed nanotube arrays. During the 
liquid film spontaneously sweeps down at the patterned substrate, concentrating the 
lution concentration along the hydrophilic stripes. Successive drying of this liquid film 
causes 
havior near the contact line, this process 
does not require highly concentrated CNT solution and still provides densely-packed and 
uniformly orien
casting process on the tilted surface, the 
so
nanotubes deposition by the nucleation along the contact line.  In this case, the 
nanotubes align parallel to the contact line.  We also showed that the tangential G-mode 
shift downward upon nanotube bending, and we attribute the shift to tensile strain of 
bending nanotube, which result in the extension of C−C bond.  
 
As an extension of this work, in Chapter 4, we have developed simple and easy 
solution-based assembly strategy for the fabrication of densely-packed, uniaxially aligned 
SWNTs as a semiconducting layer in CNT-TFTs.  We suggested using liquid crystalline 
behavior of CNT solution in the vicinity of the receding contact line induced by localized 
solvent vaporization.  We have successfully controlled the nematic-like ordering of 
carbon nanotubes during tilted-drop casting process by using confined micropatterned 
geometry.  Because of the liquid crystalline be
ted CNTs with predominantly monolayer surface films.  We further 
demonstrated that the electrical performance of thin-film transistors based on these 
densely-packed uniformly oriented CNT array is dramatically improved as compared to 
the TFTs with random CNTs because the uniaxially oriented SWNTs significantly reduce 
the number of inter-tube contacts that the carriers should pass through. 
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In addition to the silicon substrate, we have also developed a method to fabricate 
polymer membranes containing CNT arrays as a central layer.  We have developed a 
novel method to investigate the deformational behavior in freely suspended polymer 
nanomembranes with embedded carbon nanotubes subjected to elastic deflections by 
conducting in-situ monitoring of resonance Raman scattering directly in the course of full 
deformational cycle (Chapter 5).  In this study, we have found a deformational process 
for these deforming nanomembranes as indicated by very different Raman peak changes 
at low and high deflections.  We have suggested that the deformational behavior at low 
deflecti
g confocal Raman 
imaging, we demonstrated that the carbon nanotube array embedded into the polymer 
ons (strain below 0.05 %) included mainly buckling of the bent carbon nanotubes.  
However, for large nanomembranes deflections when tensile strain dominates, along-axis 
stretching leads to the intensive shift of the Raman peaks to lower frequencies. 
 
We demonstrated that the patterned array of carbon nanotubes can be successfully 
incorporated into the freely suspended, flexible LbL membranes by using the 
micropatterned LbL surface as a template for subsequent nanotube assembly (Chapter 6).  
The patterned array of monolayered carbon nanotubes with a thickness of 5 nm was 
sandwiched between two ultrathin polymer multilayers with the thickness of about 19 nm 
each.  A key element of the microfabrication routine introduced here is the exploitation of 
a polymer sacrificial micropattern as a template for assembly of carbon nanotubes 
followed by its removal and further derivatization of the exposed surface areas with a 




microstructure with no residual polymer layer on the compressed region.  We suggested 
that th
observed gigantic Raman scattering from 3D porous substrate nanocanals decorated with 
nerates highly contrasted resonance Raman grating which might be considered for 
sensing applications. 
 
To establish robust patterning techniques for carbon nanotube and gold 
nanoparticle arrays inside the polymer membranes, we developed so-called “capillary 
transfer lithography” as a simple and efficient method of creating 3D micropatterned 
templates on the surface of LbL multilayers by transferring polymer patterns from PDMS 
mold onto the target substrate (Chapter 7).  The key elements of this method are the 
creation of polymer microstructure and the transfer onto the polyelectrolyte surface.  The 
polymer microstructure introduced here is easily transferred from the recessing regions of 
the PDMS mold to target substrate in a controllable manner, resulting in 
ese polymer microstructures can be used as sacrificial templates for subsequent 
assembly of both carbon nanotubes and gold nanoparticles onto LbL films in the 
patterned manner.  The advantages of this approach include highly selective patterning, 
greater control over the 3D structure, and the possibility of further modification of 
protected surface areas.  We demonstrated that further modification of intact surface 
areas can be used to fabricate heterogeneous orthogonal arrays or encapsulate 
nanoparticular arrays into LbL multilayers. 
 
In Chapter 8, we demonstrated the assembly of gold nanoparticles into three-dimensional 
arrays and showed prospective device applications in SERS-based sensors.  First, we 
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low concentration gold nanoparticles without nominal “hot spots”.  The nanoparticle-
decorated nanocanal arrays showed about five orders higher enhancement of Raman 
scattering than that of conventional planar nanoparticles arrays, which cannot be 
attribute
ks.  Although we demonstrated the assembly 
f nanoscale materials with simple geometry of patterns, further research need to be done 
d solely to the increase in specific surface area.  We suggested that the Raman 
scattering by gold nanoparticles distributed along nanocanals efficiently combines with 
the optical wave guiding, to give dramatic enhancement of Raman scattering.  As an 
extension of this work, in chapter 9, we developed ultra-high active SERS substrates for 
the detection of trace level DNT, a model compounds of nitroaromatic explosives.  We 
suggested that the high performance is associated with the combined effects of Raman-
active spots of nanoparticle aggregates and the optical waveguide properties by 




Overall, this research has suggested some novel solution-based assembly 
strategies for the fabrication of functional nanostructured arrays from zero- and one-
dimensional nanoscale building blocks.  The developed assembly strategies have great 
potential in low-cost, large-scale processing of high-performance electronic devices 
based on functional nanoscale building bloc
o
toward the development of efficient bottom-up strategies for the assembly of nanoscale 
materials into complicated and hierarchical architectures enabling the use of nanoscale 
materials for practical device applications.  
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